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Biodiversity monitoring: some proposals to adequately
study species’ responses to climate change

Virginie Lepetz Æ Manuel Massot Æ Dirk S. Schmeller Æ Jean Clobert

Received: 28 April 2008 / Accepted: 3 April 2009 / Published online: 21 April 2009
� Springer Science+Business Media B.V. 2009

Abstract Climate change affects all levels of biology and is a major threat for biodi-

versity. Hence, it is fundamental to run biodiversity monitoring programs to understand the

effects of climate change on the biota and to be able to adjust management and conser-

vation accordingly. So far, however, very few existing monitoring programs allow for the

detection of climate change effects, as shown by a survey undertaken by the European

project EuMon. Despite this shortcoming, several methods exist which allow to make

inferences from existing data by integrating data across different monitoring programs:

correlative analyses, meta-analyses and models. In addition, experiments are thought to be

useful tools to understand the effects of climate change on plants and animals. Here, we

evaluate the utility of these four main approaches. All these methods allow to evaluate long

term effects of climate change and make predictions of species’ future development, but

they are arguable. We list and compare their benefits and inconveniences, which can lead

to uncertainties in the extrapolation of species responses to global climate change. Indi-

vidual characteristics and population parameters have to be more frequently monitored.

The potential evolution of a species should be also modelled, to extrapolate results across
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spatial and temporal scales as well as to analyse the combined effects of different climatic

and biotic factors, including intra but also interspecific relationships. We conclude that a

combination of methodologies would be the most promising tool for the assessment of

biological responses to climate change, and we provide some thoughts about how to do so.

Particularly, we encourage long-term studies along natural gradients (altitudinal or lati-

tudinal) on the same species/habitats to be able to extrapolate to large geographic scales,

and to have more complete data sets, necessary to understand the mechanisms of

responses. Such data may provide a more accurate base for simulations across spatial and

temporal scales, especially if they are publicly available in a common database. These

recommendations could allow the adaptation of species management and the development

of conservation tools to climate change which threatens species.

Keywords Biodiversity � Climate change � Correlative analysis � Experiment �
Management meta-analysis � Model � Spatial scale � Time scale

Introduction

Current and predicted patterns of global climate change are a major concern in many areas

of socio-economy, ecology, farming and politics. In many regions, climate change has

resulted in warming over the past century (IPCC 2007). Over the last 30 years, the effects

have become particularly obvious in the natural environment (Kerr 2007a, b). Along with

disturbance, habitat loss and fragmentation, climate change is one of the main drivers of

terrestrial biotic change and has multifarious effects (Fig. 1; Pounds et al. 1999; Walther

et al. 2002; Musolin 2007; Skelly et al. 2007), e.g. by increasing the prevalence of

pathogens (Bosch et al. 2007), changing behavior, and altering seasonal activities (Saether

et al. 2000; Wuethrich 2000). Responses include temperature-dependent physiological
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Fig. 1 A schematic view of the overall framework on the chain of climate change effects considered for a
given species. Direct effects are reported with continuous arrows. Indirect and feedback effects are reported
with dotted arrows
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responses (direct effects with consequences on biometric, behavioral and phenological

traits), responses depending on environmental parameters related to temperature (indirect

effects through humidity, precipitation, snow-cover, growth season, extent of sea ice), or

from alterations of feedbacks in interspecific exchanges and relationships, such as com-

petition, predation, symbiosis, parasitism and mutualistic association (Davis et al. 1998;

Koh et al. 2004; Ahola et al. 2007; Bosch et al. 2007). Climate change affects all levels of

life, from the individual, population, species, community and ecosystem to the eco-region

level (Fig. 1). Phenological changes are the most frequently demonstrated responses

through precocity of migration arrival and/or egg laying/parturition (Winkler et al. 2002)

and breeding time shift (Beebee 2002). Another general pattern observed in many species

is a poleward or an altitudinal expansion of species’ distributions (Parmesan 2007). If

species profit from climate change by expanding their distribution (taking account of

problems from invasive species), the ultimate threat to all species will be extinction

(Thomas et al. 2004). Estimates of changes in biodiversity that are accurate enough to

detect climate change effects are imperative to diagnose the state and trend of biodiversity,

and to make adjustments to population management and conservation.

However, it is generally difficult to predict long-term biological responses, as we have

little knowledge concerning lag-times between a given effect and its related responses. To

show and understand climate change impacts on biodiversity, it is essential to monitor

individuals/populations/species over a long time period, usually spanning several decades

as effects are detectable only after many years (e.g. Yoccoz et al. 2001; Walther et al.

2002). Usually, the collected data are used in large-scale correlative analyses (e.g. at

community or meta-population scales) and the results are combined in meta-analyses. The

latter analysis type integrates a large collection of analyses from individual studies (Glass

1976). Further, models are used to simulate the evolution of complex processes. The rarest

assessments of biological responses to climate change are experimental approaches. These

approaches may be classed in two groups. On the one hand are large scale studies, which

give general responses without considering ecological complexity (correlative analysis,

meta-analysis and theoretical models). On the other hand are small scale studies that have

more explanatory power than large scale studies but show too short time specific responses

(population level). The quality of current studies (Fig. 2) shows the need to have multi-

specific and multiscale responses to improve our current knowledge of climate change

effects on biodiversity.

Here, we give an overview of biodiversity monitoring related to climate change based

on a literature survey. We describe the strengths and weaknesses of different approaches in

regard to the power to make predictions of a species’ future fate, and to determinate

appropriate time/spatial scales of studies. Finally, we provide recommendations to find the

optimal methods for accurately assessing biological responses to climate change.

Materials and methods

We made a literature survey by using the database of ISI web of knowledge and the search

string (‘‘climate change’’ AND response AND ‘‘type of analysis’’). The string for ‘‘type of

analysis’’ corresponds to correlative analyses, meta-analyses, experimental analyses

(experimental design, microcosms, open-garden), and models (bioclimatic envelope

models, ecological niche models, mechanistic models like population viability analyses).

We analyzed a minimum of 20 articles per approach to have a representative sample of

each method, and included only those articles which showed effects of global change on
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biodiversity. To document the best tools for the assessment of recent and future biological

responses to climate change, considering current approaches, we only used articles pub-

lished between 2000 and 2008. We analyzed several parameters important for the analysis

of global change impact on biodiversity across studies classified according to their

approach (e.g. environmental parameters, time and spatial scales; see Table 2). To measure

importance of each approach, we calculated a proportion as the amount of articles studying

responses to climate change at a particular ecological level, spatial or temporal scale

relative to the total number of articles per approach (given as N for each column in

Table 2).

Correlative approaches

Numerous volunteer and professional naturalists in different governmental and non-gov-

ernmental organizations monitor changes in biodiversity across the globe (Danielsen et al.

2005; Schmeller et al. 2009). Such data are essential for analyses of biological responses to

climate change.

Correlative analyses are the most frequently employed approaches to analyze effects of

climate change. They consider relationships between an environmental factor(s) and

evolution of a character monitored over relatively long time-scales, with a minimum of

10 years in most cases (Chamaillé-Jammes et al. 2006). Correlations are evaluated with

respect to an environmental temperature increase [e.g. local annual/monthly/daily mean

temperatures, North Atlantic Oscillation (NAO), El Niño Southern Oscillation (ENSO)] or

Fig. 2 Classification of the studies according to key characteristics such as the number of studied
parameters, the spatial/time scale considered or their explanatory power. Explanatory power is the quality,
the accuracy and the ability to explain biological phenomenon. The signs ? and - mean the value of the
quantity of numbers of studied parameters, the quality of the explonatory power and the importance of the
scale (time, spatial). Studies at population and individual levels are considered as small scales (we need less
time and space to understand functioning of individuals and populations than ecosystems). Studies at
metapopulation, species, community, ecosystem and also population levels are considered as large scales
because their functioning is complex. For example, in studies at species level, few parameters are measured,
explanatory power is quite few, and spatiotemporal scale is often high
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environmental parameters associated with global change (e.g. sea ice cover, CO2 pro-

duction rate, moisture, Barbraud and Weimerskirch 2001; Walther et al. 2002). The

database from EuMon is representative to monitored species and habitats which were used

to analyze climate change effects (Table 1). Correlative analyses are applied in all species

groups although impact of climate change is less-well studied in mammals (Table 1), and

at large organizational scales, such as community, metapopulation or species scales

(Hassall et al. 2007). They have been undertaken in various habitats although studies in

freshwater habitats were the most represented (Table 1). These show global responses at a

regional scale and allow a global and widespread vista of climate change effects on

biodiversity. Correlative analyses are based on monitoring of simple parameters like

individual counts, presence/absence data, date of egg-laying or estimates of density

(Whitfield et al. 2007) at any given scale, but mainly focus on phenological phenomena

(Both 2007) and range distribution data (Lovejoy and Hannah 2005).

Studying phenological changes using correlative approaches is a good way to under-

stand the decoupling of phenological relationships, which may alter food-web structure in

ecosystems (Both 2007). These are also useful ways to estimate the evolution of inter-

actions among trophic levels. Similarly, correlative analyses show that distribution change

responses in individual species may disrupt their interactions with other species at the same

or adjacent trophic levels. More recently, correlative studies have investigated other

important changes in life history (growth, survival, fecundity, size, Figuerola 2007;

Halpern and Cottenie 2007) or genetic traits (Balanyá et al. 2006). Hence, correlative

studies are most comprehensive and can estimate species’ adaptive responses that may be

related to climate change and underscore important consequences for biodiversity and

ecosystem functioning (Wilson et al. 2007). Thus, if correlative analyses are a useful

descriptive instrument and have proven to be a relatively efficient method to estimate

recent climate change effects, they also have some weaknesses and pose specific statistical

problems especially with respect to model selection (Grosbois et al. 2008).

Correlative analyses depend on the quality of monitoring which faces two practical

difficulties in regard to a robust assessment of climate change effects on biodiversity.

Table 1 Proportion of species
and habitat monitoring schemes
in the EuMon database (EuMon
2008) launched to observe and
analyse climate change effects

Data were extracted in December
2007

Ntotal, total number of schemes
per species or habitat group; Ncc,
number of schemes per species or
habitat group launched in
response to analyse climate
change effects; %, proportion of
Ncc to Ntotal

Species or habitat group Ntotal Ncc %

Birds 271 113 41.7

Mammals 122 20 16.4

Other vertebrates 68 18 26.5

Invertebrates 113 45 39.8

Plants 97 23 23.7

Other 15 7 46.7

Coastal and halophytic habitats 83 2 22.4

Coastal sand dunes and inland dunes 54 9 16.7

Forests 152 37 24.3

Freshwater habitats 24 15 62.5

Natural and semi-natural grassland
formations

64 10 15.6

Raised bogs and mires and fens 40 10 25.0

Rocky habitats and caves 12 2 16.7

Sclerophyllous scrub matorral 14 1 7.1

Temperate heath and scrub 14 2 14.3
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Firstly, there is a need to sustain monitoring across the years to ensure representativeness

of time series. Secondly, sufficiently precise monitoring data have to be obtained to allow

for the detection of significant changes. Not all monitoring objectives, targeted biological

parameters and protocols produce data relevant for the study of global change effects. The

need for specific monitoring programs may conflict with the usually limited amount of

available financial and human resources (Schmeller et al. 2009) and may lead to inaccu-

racies in detecting climate change affects (i.e. Yoccoz et al. 2001).

Monitoring schemes which analyze climate change effects are rare. The EuMon project

(Schmeller et al. 2006) surveyed biodiversity monitoring efforts across Europe and col-

lected meta-data on 449 species biodiversity monitoring schemes and 69 habitat moni-

toring schemes (see e.g. Henry et al. 2008; Lengyel et al. 2008). So far, the EuMon

database contains 10 habitat monitoring schemes (1.6%) and 48 species schemes (7.7%)

begun before 1975. Schemes set up to analyze climate change averaged a duration of

17 ± 2.2 years (median = 11 years). Hence, the EuMon survey (although not being

representative of all European countries, see Schmeller et al. 2006) strongly suggests that

at the European scale, we have insufficient knowledge on populations at the beginning of

the rapid warming period from the mid-1970s, which substantially weakens the power of

correlative analyses. Further, monitoring data per se are problematic for adequate analysis

of species responses to climate change due to data biases and a lack of statistical power

(e.g. Strayer 1999; Parmesan and Yohe 2003; Harker and Shreeve 2008), which need to be

considered and corrected (e.g. Van Swaay et al. 2002). Logistic constraints of long-term

data collection also result in a low quantity of used parameters in correlations (mean = 4,

range = 2–8; Table 2). Thus, species interactions (predation, symbioses, competition) and

environmental parameters (except temperatures) are hardly considered. Furthermore,

habitats may evolve with respect to temperatures leading to a gradual change interacting

with detected biological responses, underestimating or altering biological predictions under

climate change.

In addition to limitations on the data, results from correlative analyses must be carefully

interpreted (Grosbois et al. 2008). Significant correlation of two parameters indicates a

relationship between them, but it does not signify a cause-effect linkage. For example, two

environmental conditions, temperature and humidity, are often considered to be interde-

pendent. However, an effect of temperature in a given situation could in reality reflect the

impact of humidity (Lorenzon et al. 2001). Such indirect effects have to be considered to

avoid misinterpretation and false predictions. To disentangle the effects of each predictor,

specific statistical tools can test for the robustness of the correlation. For example, hier-

archical partitioning allows separation of the contribution of each predictor in relation to

the explained variance in a regression model, both independently and in conjunction with

other predictors, and this can be calculated for all possible candidate models (Mac Nally

2002; Grosbois et al. 2008). For such an approach, it is crucial to have data from many

possible predictors. With this kind of data, bayesian model averaging (BMA) is a useful

technique designed to help account for the uncertainty inherent in the model selection

process, a possibility that traditional statistical analysis often neglect. By averaging over

many different competing models, BMA incorporates model uncertainty into the results on

parameters and predictions. BMA has shown its efficiency for many statistical model

classes and has proven that in all cases it improved the performance of the prediction.

Correlative analyses also often assume a linear relationship between cause and effect,

neglecting the fact that ecological interactions or individual and population responses to

the environment usually show non-linearity (Logan and Allen 1992; Saether et al. 2000).

Use of simple linear regression analyses can lead to find wrong responses or no relation
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ú

jo
et

al
.

2
0

0
6
)

•
A

b
u

n
d

an
ce

,
d

en
si

ty
(M

as
so

l
et

al
.

2
0

0
7
)

•
L

if
e

h
is

to
ry

tr
ai

ts
(N

o
rm

an
d

et
al

.
2

0
0

7
)

•
S

p
ec

ie
s

d
y

n
am

ic
an

d
d

iv
er

si
ty

(B
ak

k
en

es
et

al
.

2
0

0
2
)

•
A

b
u
n
d
an

ce
/d

en
si

ty
(H

o
lz

ap
fe

l
an

d
V

in
eb

ro
o
k
e

2
0

0
5
)

•
L

if
e

h
is

to
ry

tr
ai

ts
(G

il
m

an
et

al
.

2
0

0
6
)

•
S

p
ec

ie
s

d
y
n
am

ic
s

(K
la

n
d
er

u
d

an
d

T
o

tl
an

d
2

0
0

7
)

•
P

h
en

o
lo

g
y

(S
h

er
ry

et
al

.
2

0
0

7
)

•
S

p
ec

ie
s

in
te

ra
ct

io
n
s

(K
la

n
d

er
u

d
an

d
T

o
tl

an
d

2
0

0
7
)

•
A

b
u

n
d
an

ce
(R

ic
h

ar
d

so
n

an
d

S
ch

o
em

an
2

0
0

4
)

•
P

h
en

o
lo

g
y

(M
en

ze
l

et
al

.
2

0
0

6
)

•
R

an
g
e

d
is

tr
ib

u
ti

o
n

(P
ar

m
es

an
an

d
Y

o
h

e
2

0
0

3
)

•
S

p
ec

ie
s

d
iv

er
si

ty
(W

al
k

er
2

0
0

7
)

N
p
a
ra

m
e
te

r
4

6
5

3

E
n

v
ir

o
n

m
en

ta
l

p
ar

am
et

er
s

–
T

em
p

er
at

u
re

–
P

re
ci

p
it

at
io

n
–

L
at

it
u

d
e/

lo
n

g
it

u
d
e/

al
ti

tu
d
e

–
F

ew
h
ab

it
at

p
ar

am
et

er
s

–
T

em
p

er
at

u
re

–
P

re
ci

p
it

at
io

n
–
H

ab
it

at
ch

ar
ac

te
ri

st
ic

s
(C

O
2
,

ev
ap

o
ra

ti
o
n
,

la
ti

tu
d

e,
lo

n
g

it
u

d
e,

al
ti

tu
d

e)
an

d
q

u
al

it
y

–
T

em
p

er
at

u
re

–
N

u
tr

ie
n
ts

/f
o
o
d

–
M

o
is

tu
re

–
C

O
2

–
S

o
m

et
im

es
,

h
ab

it
at

q
u
al

it
y

–
T

em
p

er
at

u
re

–
L

at
it

u
d
e/

lo
n
g
it

u
d
e/

al
ti

tu
d
e

S
p

ec
ie

s
g

ro
u

p
s

F
re

q
u
en

tl
y

b
ir

d
s,

am
p
h

ib
ia

n
s,

in
se

ct
s,

p
la

n
k

to
n

,
fe

w
m

am
m

al
s

P
la

n
ts

,
in

se
ct

s,
so

m
et

im
es

b
ir

d
s,

fe
w

m
am

m
al

s
P

la
n

ts
,

in
se

ct
s,

p
la

n
k

to
n

B
ir

d
s,

am
p

h
ib

ia
n

s,
in

se
ct

s,
p

la
n

ts
,

fe
w

m
am

m
al

s

T
h

e
p

ro
p

o
rt

io
n

is
ca

lc
u

la
te

d
as

th
e

n
u

m
b

er
o

f
ar

ti
cl

es
st

u
d

y
in

g
re

sp
o

n
se

s
to

cl
im

at
e

ch
an

g
e

at
a

p
ar

ti
cu

la
r

ec
o

lo
g

ic
al

le
v

el
o

r
sc

al
e

re
la

ti
v

e
to

th
e

to
ta

l
n

u
m

b
er

o
f

ar
ti

cl
es

p
er

ap
p

ro
ac

h
(g

iv
en

as
N

fo
r

ea
ch

co
lu

m
n

).
A

s
so

m
e

st
u

d
ie

s
ad

d
re

ss
ed

se
v

er
al

cr
it

er
ia

(e
.g

.
m

u
lt

ip
le

sp
at

ia
l

sc
al

es
)

th
e

su
m

o
f

p
ro

p
o
rt

io
n

s
m

ay
ex

ce
ed

1
0

0
%

in
so

m
e

ca
se

s.
T

im
e

sc
al

es
w

er
e

ca
te

g
o

ri
ze

d
in

to
sh

o
rt

ti
m

e
sc

al
es

(1
–

5
y

ea
rs

),
m

id
ti

m
e

sc
al

es
(5

–
2

0
y

ea
rs

)
an

d
lo

n
g

ti
m

e
sc

al
es

(m
o

re
th

an
2

0
y

ea
rs

).
W

e
h

av
e

li
st

ed
o

n
ly

th
e

m
o
st

co
m

m
o

n
b

ia
se

s
an

d
m

ai
n

d
if

fi
cu

lt
ie

s
fo

r
d

at
a

co
ll

ec
ti

o
n

in
ea

ch
ap

p
ro

ac
h

b
as

ed
o

n
o

u
r

li
te

ra
tu

re
su

rv
ey

.
F

u
rt

h
er

,
w

e
h

av
e

li
st

ed
ex

am
p

le
s

o
f

ec
o
lo

g
ic

al
an

d
en

v
ir

o
n

m
en

ta
l

p
ar

am
et

er
s

an
al

y
se

d
in

st
u

d
ie

s
u

si
n

g
th

e
d

if
fe

re
n

t
ap

p
ro

ac
h

es
an

d
th

e
m

ea
n

n
u

m
b

er
o

f
ec

o
lo

g
ic

al
p

ar
am

et
er

s
ac

ro
ss

al
l

su
rv

ey
ed

st
u
d

ie
s

p
er

ap
p

ro
ac

h
(N

p
a
ra

m
e
te

r)
.

W
e

p
ro

v
id

e
th

e
sp

ec
ie

s
g

ro
u

p
w

h
ic

h
w

as
m

o
st

fr
eq

u
en

tl
y

an
al

y
se

d
w

it
h

in
ea

ch
ap

p
ro

ac
h

3192 Biodivers Conserv (2009) 18:3185–3203

123



between climatic and biologic variables. Thus, predictions from correlative studies must be

developed with caution and one must minimize potential traps by including a large number

of different environmental factors.

Modelling approaches

Modeling approaches are used to make predictions about the future of biodiversity. Most of

the models use an important number of parameters (mean = 6, range = 2–19; Table 2),

which means that they can simulate complex processes, allowing for comprehensive

predictions. For example, in Tews et al. (2007), the models included species movement,

annual primary productivity and several scenarios of climate change. However, most

models on global change effects do not incorporate the population level (Griebeler and

Seitz 2007). This is especially true so when models are dealing with predictions at the level

of the community or the ecosystem (Table 2). Two main types of models are used to

predict responses to climate change: mechanistic models and ecological niche models.

Mechanistic models are mostly employed to predict changes at the local scale. They are

usually used to test relationships between a given species’ species trait and some envi-

ronmental variable(s) (Delbart et al. 2008). The strategy of such models is to compile

relevant information about entities at the lower level of the system (i.e. individuals), to

formulate theories about their behaviour, to incorporate these hypothetical behaviours into

a simulation model, and to observe the emergence of properties at the system level related

to some particular questions (Grimm and Railsback 2005). Few of these models are

concerned by making predictions on the evolution of life history traits (Jiguet et al. 2007;

Ricker et al. 2007) or about genetic variation (Ditto and Frey 2007). Population viability

analyses (PVA; e.g. Henle et al. 2004a; Massot et al. 2008) are used to forecast population

health, extinction risk, and to create action plans for conservation (e.g. Henle et al. 2004a,

b). In general, a PVA is developed for a target population or species (e.g. a Limestone

endemic shrub, Maschinski et al. 2006). The accuracy of a PVA depends on the inclusion

of spatial variation, true temporal variation and on the assumptions made about parameters

such as survival, migration and reproduction parameters. However, relatively few of the

PVA produced so far can predict biodiversity changes under different climate change

scenarios (e.g. metapopulation viability of a butterfly under global warming scenarios,

Schtickzelle and Baguette 2004). Besides PVA, individual-based simulations are also used

to predict the evolution of species dynamics under various climatic constraints (Meynecke

2004; Tews et al. 2007).

Effects of global warming at large spatial scales are usually investigated with biocli-

matic envelope models (BEM; Araújo et al. 2005, 2006; Svenning and Skov 2006; Le-

vinsky et al. 2007) or ecological niche models (ENM; Nunes et al. 2007). ENMs are used

to predict the geographic range of a species from occurrence (presence/absence) records

and environmental data layers (sets of conditions which integrated climatic variables,

abiotic/biotic parameters and biotic interactions). They need knowledge of many data.

BEM is a forecasting method which considers species or groups by habitat and charac-

terizes their spatial distribution on the basis of environmental parameters (humidity,

temperature, etc.). Thus, BEMs can predict the development of the spatial distribution of a

species in the context of a future climate change (Hill et al. 2002; Burns et al. 2003; Araújo

et al. 2006; Jetz et al. 2007; Levinsky et al. 2007). BEMs are mostly used to adjust the

management of species, to improve protection plans (Normand et al. 2007) or to examine

the conservation status of species. A three-step process is developed: (1) mathematical

models are created to link species to the present climate envelope, (2) climate change
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scenarios are generated to simulate potential range of the distribution of the species in the

future, and (3) comparisons between present and predicted distribution are performed

(Moen et al. 2004; Virkkala et al. 2008). The result is an interpolation among known

sampling locations on the basis of observations of associations between the characteristics

of species and of its environment. An advantage of BEMs, like other models, is the

integration of other predictors than temperature (e.g. precipitation, physical characteristics,

habitats’ quality and species interactions).

However, BEMs have some shortcomings. Spatial and temporal autocorrelations and

lack of accuracy in the data used (Schwartz et al. 2006; Levinsky et al. 2007) can generate

significant biases. For example, data are often collected from floristic or faunistic atlases,

which merge data collected over a long period of time, ignoring local or recent changes

across the whole distribution. BEMs also ignore or make important simplifying assump-

tions about some biological processes. In particular, they do not take into account the

capacity of dispersal of the species and more precisely how the species will modify its

dispersal probability according to a change of the environment (Massot et al. 2008). This is

also true for the species’ habitat which is hypothesized to strictly follow the climate (no

delay, no evolution). Finally, very few climatic scenarios are usually considered (e.g. two

scenarios in Normand et al. 2007). Examining a high number of climatic scenarios is

essential in order to build predictive envelops such as to increase the probability to

encapsulate the true species distribution range evolution. Decisions of conservation and

management of species should be made by taking into account the whole set of possi-

bilities, hence the importance to examine a large number of climatic scenarios. To over-

come some of these pitfalls, ecologists have started to improve the precision of the

predictors included in their models (e.g. Malcolm et al. 2005; Svenning and Skov 2006), to

use long-term monitoring data (Andalo et al. 2005; Mouritsen et al. 2005) or to employ

methods to validate the predictive performances of their simulations (Araújo et al. 2005).

Models are essential to predict changes in biodiversity and to reinforce policy in bio-

diversity management (Bakkenes et al. 2002). Models allow describing complex processes

at any spatial scale. Simulations, however, are generally global and are relying on a set of

assumptions, often not verbalized, which increase even more the uncertainty of projected

effects of climate change.

Experimental approaches

Mechanisms by which the climate change is affecting population and community dynamics

are best described by using experiments (Etterson 2004; Hollister et al. 2005; Table 2). In

particular, experiments permit to explore the effect of even higher temperature increases.

Experimental tools are therefore imperative to forecast species responses or to adapt

species management and conservation policy (Vilchis et al. 2005). Many species-specific

parameters like abundance, phenology (Sherry et al. 2007), fitness (Santos 2007), effects

on structure (Roy et al. 2004), interspecific interactions and dynamics of plant communities

(Vilchis et al. 2005; Aerts et al. 2006) can be analysed with an experimental approach.

Describing experimentally the processes operating at local scales might then allow

extrapolation at larger spatial scales (Bruelheide 2003). However, experimental studies of

the landscape level or at even larger scale are rather rare mainly because of logistical

difficulties (Parmesan 2006).

Two types of experimental designs are developed: microcosm (or common garden) and

open garden experiments (e.g. OTCs, Klein et al. 2004; Zavaleta 2006). Open garden

experiments are using (semi)-natural areas (Stenstrom and Jonsdottir 2004), while
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experiments in microcosms are conducted in fully artificial environments (Núñez-Olivera

et al. 2004; Santos 2007). In the two cases, the logistics of an experimental protocol may be

difficult to implement (because of expensive experimental design and biases involved by

use of an artificial environment; Table 2). Experiments may monitor many environmental

parameters (temperatures, moisture, nutrients, CO2 quantity, habitat quality; mean = 5,

range = 3–12; Table 2). Experiments are usually conducted on a short time scale of

2–3 years and are sufficient to understand primary responses of plants (Hollister et al.

2005; Cross and Harte 2007), invertebrates (Vilchis et al. 2005) and some soil processes to

experimental warming (Parton et al. 2007). Such fast responses may help to anticipate the

susceptibility of species and habitats responses to future climate changes.

The control of particular environmental parameters is one of the main advantages of an

experimental approach. Biotic and abiotic parameters and their interactions can be

included in the protocol allowing more accurate predictions for a species’ future (Zavaleta

2006; for an example see Vilchis et al. 2005 or Sherry et al. 2007) and detecting non

linearities in a species response. Thus, more recent studies have begun to include a larger

number of factors in their experimental design.

Whatever the method (microcosm, OTC, transects), researchers can not control every

environmental parameter potentially affected by a temperature increase, i.e. it is impossible

to create an artificial habitat reflecting in totality a natural environment. Hence, only

certain aspects of climate change can be addressed with experiments and most studies

concentrate on the effects of a few environmental variables (temperature, moisture) on

particular population/community and on short time scales (Table 2). The complexity

arising over larger scales (spatial, temporal) or multitrophic levels are ignored. Experi-

ments may then yield different responses than those observed in nature. For example,

Sjögersten and Wookey (2004) showed that an experimental temperature increase leads to

a slower decomposition of litter in contradiction to findings by Shaw and Harte (2001) who

found that higher temperature correlated with a speedier decomposition.

As we already stated above, experiments are often conduced over a short period of

time and focus on animal and plant species with rather short generation times (Table 2).

Therefore, generalisation to long-lived species or to long-term dynamics of ecosystems is

questionable (e.g. Hollister et al. 2005; Wiedermann et al. 2007). For example, Mora

et al. (2007) conclude from their studies that all threats need to be simultaneously

considered in an analysis, since the risk of extinction through a combined effect of threats

is more important than commonly anticipated. Thus, an experimental approach is a

necessary step toward the understanding of complex ecological processes, but researchers

have to develop multifactorial experiments at higher trophic levels (birds, squamates and

mammals) and on appropriate time and spatial scales to avoid misinterpretation of

experimental results.

Meta-analyses

Meta-analysis represents a set of statistical methods for quantitative research synthesis

developed in medicine and social sciences in the late 1970s and introduced to ecology at

the beginning of the 1990s (Gurevitch et al. 2001). Meta-analyses of climate change effects

study a set of biological responses across all/many species groups and often across dif-

ferent spatial scales. Databases used in meta-analyses come from studies applying one or

several of the above approaches: correlative analyses, models or experiments. The main

parameters studied are abundance, phenology, range distribution, and species diversity

(Table 2).
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One advantage of meta-analyses is that a broad spectrum of findings can be combined to

find a fingerprint of climate change (Root et al. 2003), allowing to infer the species status

and to make projections about future biologic changes. Multi-species analyses at large

scale, one form of meta-analyses, allow evaluating the responsiveness of many species to

environmental perturbations and they can thus derive some common denominator. For

example, Jiguet et al. (2007) tested the responses of 71 French breeding birds’ species to an

increase of temperature and showed that the thermal range is a relevant predictor of the

resilience of a species to extreme temperatures.

Meta-analyses are highly sensitive and may detect even small effects. They are there-

fore appropriate tools to find general prediction on a species’ future. For example, Briones

et al. (2007) reviewed data from 44 studies on enchytraeids (a group of annelids) to predict

the impact of climate change on their geographical distribution and were able to predict

their future role as source of carbon in response to climate change. Hence, meta-analyses

can statistically draw more general and quantitative conclusions on some controversial

issues compared to single studies or reviews. They provide new insights and research

directions. For instance, Parmesan (2007) showed an average spring advancement in the

northern hemisphere of 2.8 days decade-1 but she also spotlighted that the advancement

was related to species groups, supporting that amphibians had an earlier breeding than any

other taxonomic group and that in butterflies emergence and migratory arrival were earlier

than the first flowering of herbs. Those results (see also Barbraud and Weimerskirch 2006)

highlight the importance of meta-analyses in understanding and anticipating future con-

sequences of climate change.

However, meta-analysis also has several drawbacks, mainly resulting from publica-

tion bias, subjectivity in literature selection and non-independence among studies

(Table 2). Indeed, studies showing statistically significant effects are more likely pub-

lished than those that show no difference (e.g. Palmer 1999; Gurevitch et al. 2001), and

thus may underestimate species non-responsiveness to climate change (Parmesan 2007).

Publication bias affects the main conclusions of 15–21% of meta-analyses (Jennions

and Møller 2002). To detect biases, various methods and software packages (Lei et al.

2007) were developed (like Funnel plot or ‘‘trim and fill’’ methods; Jennions and

Møller 2002), allowing correction for potential publication bias. In meta-analyses, few

parameters are analysed (mean = 3, range = 2–4; Table 2) mainly because of the

difficulties to find variables studied in the same way (with a common definition or a

common methodology), crucial point to make comparisons between studies. Indeed, the

numerous studies entering a meta-analysis have not the same objectives, parameters,

and methodology, which preclude to perform an exhaustive analysis of their results.

Consequently, it limits the number of common parameters that can be included in a

meta-analysis.

Despite the biases, meta-analyses are a rather robust method to estimate global climate

change effects on biodiversity. Interpretation of results needs to consider potential biases,

to avoid inaccurate conclusions of future changes and threats of biodiversity.

Discussion

Each of the approaches reviewed here faces methodological, spatial and temporal limita-

tions (Table 2) which constrain their predictive power. Here, we discuss the predictive

power of each method and develop a methodological framework for future assessments of

biological responses to global climate change.
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Correlative analyses are an essential tool to estimate recent effects and species adaptive/

maladaptative responses to climate change. They are mostly used to shed new light on

changes in phenology and area distributions. However, accuracy of species responses may

be biased and the predictive power therefore low. First, correlative analyses depend on the

quality of monitoring data. Generally, long time series species data are lacking, as mon-

itoring is costly and labor intensive (Table 2) and very few monitoring schemes are

maintained over long periods of time (see EuMon database 2008). Hence, we only have an

episodic view of historical populations. Thus, to precisely estimate biological responses to

climate change, we need to have either long-term series data or several short-term series in

different time periods, but in the same region (for data integration see Henry et al. 2008) at

the individual, population, and community levels. In addition, the targeted biological

parameters, monitoring objectives and methods are not always relevant. To control for

confounding effects or correlation between various causal factors, which could lead to

inappropriate biological inferences, we must use statistical tools to test for the robustness

of correlations. More biotic and abiotic parameters need also to be available for the region

of interest. In spite of the limitation of correlative analyses, they remain an essential

approach to analyzing information concerning recent long-term in natura effects of climate

change on biodiversity.

Models simulate effects of climate change on species to evaluate long-term effects of

climate change and to make predictions on the future fate of species. Model predictions can

be validated using recent data collections (e.g. in population viability analyses). The

models’ main advantage is their ability to simulate varied and complex biological pro-

cesses because many biotic and abiotic parameters can be included. However, some

uncertainties remain with respect to the reliability of model projections of climate change

effects. To increase the predictive power of models, we have to develop appropriate

models and apply them at the population level. We also need to build more comprehensive

and global models such as mechanistic niche models, i.e. integrating ENM and mechanistic

parameters, which integrate species interactions and consider biodiversity at a community

level. The improvement of predictions can only be achieved by increasing the range of

species responses and the numbers of climatic scenarios. Further, it is imperative to

consistently validate the predictive performance of models used for simulation.

Experiments measure rapid species responses in a particular environment at both the

population and community levels (Table 2). They allow researchers to set up a more

detailed scenario of climate change effects. However, experimental methods have to be

designed and chosen carefully. Indeed, microcosm experiments have the advantage of

controlling all parameters included in the artificial environment, which is impossible in

open-garden experiments. Limitations of experiments include their focus on species with

short lifespans (invertebrates, plants) to obtain fast species responses, and on the restricted

scale of experimental set-ups. Investigation of complex parameter implications over larger

scales or multitrophic levels is very difficult and any extrapolation to long-lived species at

larger scales may also be limited. A multiplication of experiments in (semi)-natural

environments and with stronger emphasis on monitoring during experiments might,

however, help to overcome these limitations.

Meta-analyses represent a highly sensitive method that can allow general predictions on

a species’ future and have a more detailed overview with respect to species groups when

compared with correlative analyses. Their predictive power to determine species responses

may be restricted by the small number of common parameters in different studies. That

results from the difficulty in standardizing methods and the period of data collection across

studies. Further, a large proportion of studies included in meta-analyses is correlative and
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therefore represent only a few biological and environmental parameters. Hence, the

interpretation of results from meta-analyses needs to be treated with caution and may not

be generalizable per se.

Recommendations

A combination of the different methodologies is the most promising approach for assess-

ment of biological responses to climate change. As a first step, the number of observation

programs at different spatial scales needs to be increased. Specifically, individual and

population parameters need to be more frequently monitored, including life history traits,

physiology, genetics, and abundance (Macmynowski et al. 2007). Within this framework,

long-term studies offer the best chance for understanding the processes whereby tempera-

ture increases will affect a species at a particular scale. Other monitoring programs in

similar habitats or on similar species might then complement such studies. These data need

to be analyzed across species with different life histories to determine the underlying

mechanisms which involve changes in phenology and range distributions at different

temporal and spatial scales. Further, data collected in the early decades of the twentieth

century need to be made publicly available and integrated in novel analyses. The EuMon

project showed that while there is a lot of biodiversity monitoring currently underway in

Europe, data integration across schemes is poor. Good integration would greatly improve

our understanding of climate change effects on biodiversity (Henry et al. 2008).

In a second step, to improve quality of long-term predictions and better anticipate

species management and conservation, we suggest that the most practical approach con-

sists in using natural gradients (latitudinal, altitudinal) on short-lived species, as well as

long-lived species. These gradients need to be monitored over an extended time frame, to

test many environmental and species’ parameters, to analyse non-linearity of climate

change effects and to determine the most important factors for the change. To decouple

ecological from evolutionary time scales, it is necessary to consider both the generation

time and the number of years. Indeed, if natural selection effects can be detected at very

small time scales, the overall response to selection will be better understood at the scale of

the generation. This is especially true for species with a long generation time where the

ecological and evolutionary time scales are most disconnected. However, both time scales

are essential since species management decisions can not be postponed until the effect of

global warming is perceptible at an evolutionary scale. Experiments need to focus on a

subset of representative species, such that a complete set of approaches and accurate

predictions about the effect of climate change are available for these species, allowing for

some generalization to other species with similar life history traits. However, general-

izations have to be considered with extreme caution, as they depend on the level of

organisation studied (individual, population, species, community, ecosystem) and on the

environmental parameters: each parameter will vary in time and space at its own scale.

Finally, the future potential development of a species should be modelled, to extrapolate

results across spatial and temporal scales and to analyse the combined effects of different

climatic and biotic factors. These should include both inter- and intra-specific relationships

and both ENM and mechanistic parameters. Besides data integration as a basic step, meta-

analyses and other data integrative methods (Henry et al. 2008) can serve a similar pur-

pose, to consider which parameters are important and should be included in experimental

and model approaches.

A last point to consider is the ecotoxicological research that could be a reference to

adequately study species’ responses to climate change. Similar methods [long-term
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monitoring (Aebischer 1990); experiments (Bradley and Ormerod 2002); models (Ashauer

et al. 2007)] and similar levels of integration (individual, population, communities, spe-

cies) are used to assess chemical and biological effects in ecological context. From the

beginning (1970), ecotoxicological research faced same problems and uncertainties quoted

herein. Thus, we should improve methods and analyses considering mistakes, misinter-

pretations and solutions from ecotoxicological research.
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Sjögersten S, Wookey PA (2004) Decomposition of mountain birch leaf litter at the forest-tundra ecotone in
the Fennoscandian mountains in relation to climate and soil conditions. Plant Soil 262:215–227.
doi:10.1023/B:PLSO.0000037044.63113.fe

Skelly DK, Joseph LN, Possingham HP et al (2007) Evolutionary responses to climate change. Conserv Biol
21:1353–1355. doi:10.1111/j.1523-1739.2007.00764.x

Stenstrom A, Jonsdottir IS (2004) Effects of simulated climate change on phenology and life history traits in
Carex bigelowii. Nord J Bot 24:355–371. doi:10.1111/j.1756-1051.2004.tb00850.x

Strayer DL (1999) Statistical power of presence–absence data to detect population declines. Conserv Biol
13:1034–1038. doi:10.1046/j.1523-1739.1999.98143.x

3202 Biodivers Conserv (2009) 18:3185–3203

123

http://dx.doi.org/10.1007/s00442-005-0223-0
http://dx.doi.org/10.1111/j.1365-2486.2007.01395.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01395.x
http://dx.doi.org/10.1016/j.jnc.2006.09.001
http://dx.doi.org/10.1016/j.jnc.2006.09.001
http://dx.doi.org/10.1111/j.1365-2699.2006.01663.x
http://dx.doi.org/10.1111/j.1365-2699.2006.01663.x
http://dx.doi.org/10.1023/B:PHOT.0000040591.74037.f1
http://dx.doi.org/10.1086/303223
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/10.1111/j.1365-2486.2007.01404.x
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1111/j.1469-8137.2007.02052.x
http://dx.doi.org/10.1038/19297
http://dx.doi.org/10.1126/science.1100958
http://dx.doi.org/10.1139/X06-304
http://dx.doi.org/10.1038/nature01333
http://dx.doi.org/10.1126/science.287.5454.854
http://dx.doi.org/10.1111/j.1420-9101.2007.01408.x
http://dx.doi.org/10.1111/j.1523-1739.2008.01125.x
http://dx.doi.org/10.1111/j.0030-1299.2004.12825.x
http://dx.doi.org/10.1111/j.1365-2486.2005.01097.x
http://dx.doi.org/10.1073/pnas.0605642104
http://dx.doi.org/10.1023/B:PLSO.0000037044.63113.fe
http://dx.doi.org/10.1111/j.1523-1739.2007.00764.x
http://dx.doi.org/10.1111/j.1756-1051.2004.tb00850.x
http://dx.doi.org/10.1046/j.1523-1739.1999.98143.x


Svenning J-C, Skov F (2006) Potential impact of climate change on the northern nemoral forest herb flora of
Europe. Biodivers Conserv 15:3341–3356. doi:10.1007/s10531-005-1345-8

Tews J, Ferguson MAD, Fahrig L (2007) Potential net effects of climate change on high arctic peary
caribou: lessons from a spatially explicit simulation model. Ecol Modell 207:85–98. doi:10.1016/
j.ecolmodel.2007.04.011

Thomas CD, Cameron A, Green RE et al (2004) Extinction risk from climate change. Nature 427:145–148.
doi:10.1038/nature02121

Umina PA, Weeks AR, Kearney MR et al (2005) A rapid shift in a classic clinal pattern in Drosophila
reflecting climate change. Science 308:691–693. doi:10.1126/science.1109523

Van Swaay CAM, Plate CL, Van Strien A (2002) Monitoring butterflies in the Netherlands: how to get
unbiased indices. Proceedings of the section experimental and applied entomology of the Netherlands
entomological society, vol 13, pp 21–27

Verburg P, Hecky RE, Kling H (2003) Ecological consequences of a century of warming in Lake Tang-
anyika. Science 301:505–507. doi:10.1126/science.1084846

Vilchis LI, Tegner MJ, Moore JD et al (2005) Ocean warming effects on growth, reproduction, and
survivorship of southern california abalone. Ecol Appl 15:469–480. doi:10.1890/03-5326

Virkkala R, Heikkinen RK, Leikola N et al (2008) Projected large-scale range reductions of northern-boreal
land bird species due to climate change. Biol Conserv 141:1343–1353. doi:10.1016/j.biocon.2008.
03.007

Walker G (2007) A world melting from the top down. Nature 446:718–721. doi:10.1038/446718a
Walther G-R, Post E, Convey P et al (2002) Ecological responses to recent climate change. Nature 416:389–

395. doi:10.1038/416389a
Whitfield SM, Bell KE, Philippi T et al (2007) Amphibian and reptile declines over 35 years at La Selva,

Costa Rica. Proc Natl Acad Sci USA 104:8352–8356
Wiedermann MM, Nordin A, Gunnarsson U et al (2007) Global change shifts vegetation and plant–parasite

interactions in a boreal mire. Ecology 88:454–464. doi:10.1890/05-1823
Wilson RJ, Gutierrez D, Gutierrez J et al (2007) An elevational shift in butterfly species richness and

composition accompanying recent climate change. Glob Chang Biol 13:1873–1887. doi:10.1111/
j.1365-2486.2007.01418.x

Winkler DW, Dunn P, McCulloch C (2002) Predicting the effects of climate change on avian life-history
traits. Proc Natl Acad Sci USA 99:13595–13599. doi:10.1073/pnas.212251999

Wuethrich B (2000) How climate change alters rhythms of the wild. Science 287:793–795. doi:10.1126/
science.287.5454.793

Yoccoz NG, Nichols JD, Boulinier T (2001) Monitoring of biological diversity in space and time. Trends
Ecol Evol 16:446–453. doi:10.1016/S0169-5347(01)02205-4

Zavaleta ES (2006) Shrub establishment under experimental global changes in a California grassland. Plant
Ecol 184:53–63. doi:10.1007/s11258-005-9051-x

Biodivers Conserv (2009) 18:3185–3203 3203

123

http://dx.doi.org/10.1007/s10531-005-1345-8
http://dx.doi.org/10.1016/j.ecolmodel.2007.04.011
http://dx.doi.org/10.1016/j.ecolmodel.2007.04.011
http://dx.doi.org/10.1038/nature02121
http://dx.doi.org/10.1126/science.1109523
http://dx.doi.org/10.1126/science.1084846
http://dx.doi.org/10.1890/03-5326
http://dx.doi.org/10.1016/j.biocon.2008.03.007
http://dx.doi.org/10.1016/j.biocon.2008.03.007
http://dx.doi.org/10.1038/446718a
http://dx.doi.org/10.1038/416389a
http://dx.doi.org/10.1890/05-1823
http://dx.doi.org/10.1111/j.1365-2486.2007.01418.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01418.x
http://dx.doi.org/10.1073/pnas.212251999
http://dx.doi.org/10.1126/science.287.5454.793
http://dx.doi.org/10.1126/science.287.5454.793
http://dx.doi.org/10.1016/S0169-5347(01)02205-4
http://dx.doi.org/10.1007/s11258-005-9051-x

	Biodiversity monitoring: some proposals to adequately study species&rsquo; responses to climate change
	Abstract
	Introduction
	Materials and methods
	Correlative approaches
	Modelling approaches
	Experimental approaches
	Meta-analyses

	Discussion
	Recommendations

	Acknowledgments
	References


