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ARTICLE INFO ABSTRACT
Article history: Environmental change is expected to shift the geographic range of species and communities. To
Available online 17 December 2015 estimate the consequences of these shifts for the functioning and stability of ecosystems, reliable
predictions of alterations in species distributions are needed. Projections with correlative species dis-
Keywords: tribution models, which correlate species’ distributions to the abiotic environment, have become a
g?edimon standard approach. Criticism of this approach centres around the omission of relevant biotic feed-
1as

backs and triggered the search for alternatives. A new generation of mechanistic process-based

g;ziliis?nteraction species distribution models aims at implementing formulations of relevant biotic processes to cover
SDM species’ life histories, physiology, dispersal abilities, evolution, and both intra- and interspecific interac-
Protocol tions. Although this step towards more structural realism is considered important, it remains unclear

Uncertainty whether the resulting projections are more reliable. Structural realism has the advantage that geo-
graphic range shifting emerges from the interplay of relevant abiotic and biotic processes. Having
implemented the relevant response mechanisms, structural realistic models should better tackle the
challenge of generating projections of species responses to (non-analogous) environmental change.
However, reliable projections of future species ranges demand ecological information that is cur-
rently only available for few species. In this opinion paper, we discuss how the discrepancy between
demand for structural realism on the one hand and the related knowledge gaps on the other hand
affects the reliability of mechanistic species distribution models. We argue that omission of rele-
vant processes potentially impairs projection accuracy (proximity of the mean outcome to the true
value), particularly if species range shifts emerge from species and community dynamics. Yet, insuf-
ficient knowledge that limits model specification and parameterization, as well as process complexity,

Abbreviations: C-SDM, correlative species distribution model; H-SDM, hybrid species distribution model; M-SDM, mechanistic species distribution model.
* Corresponding author at: Helmholtz Centre for Environmental Research — UFZ, Department of Ecological Modelling, PermoserstraBe 15, 04318 Leipzig, Germany.
Tel.: +49 341 2351718.
E-mail address: alexander.singer@ufz.de (A. Singer).

http://dx.doi.org/10.1016/j.ecolmodel.2015.11.007
0304-3800/© 2015 Elsevier B.V. All rights reserved.


dx.doi.org/10.1016/j.ecolmodel.2015.11.007
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2015.11.007&domain=pdf
mailto:alexander.singer@ufz.de
dx.doi.org/10.1016/j.ecolmodel.2015.11.007

64 A. Singer et al. / Ecological Modelling 326 (2016) 63-74

increases projection uncertainty (variance in the outcome of simulated model projections). The
accuracy-uncertainty-relation reflects current limits to delivering reliable projections of range shifts.
We propose a protocol to improve and communicate projection reliability. The protocol combines mod-
elling and empirical research to efficiently fill critical knowledge gaps that currently limit the reliability
of species and community projections.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Climate change, in conjunction with other anthropogenic
drivers, affects species and ecological communities. Projections
(see Table 1) of the resulting consequences for species distribu-
tions and community dynamics are challenging and represent a
knowledge frontier (Doak et al., 2008). At the same time, to sus-
tain biodiversity and ecosystem services Loreau (2010), the demand
for projections of ecosystem dynamics in changing environments
will continue to increase. We need predictive models that provide
reliable projections into the future, to inform and support decision-
making and policy under rapidly changing conditions (Leadley
et al,, 2014; Mouquet et al., 2015; Thuiller et al., 2013).

To be reliable, model projections must be accurate and must
minimize uncertainty (Table 1): “Accuracy” describes how closely
model projections approximate a true value in the real system
(Table 1). If accurate projections are repeated they will clus-
ter around the true value. Accuracy might be estimated from
model validation against true values in past and current situations.
Unfortunately, the true value is unknown for future projections.
Therefore, quantifying accuracy of future projections is impossible.

“Uncertainty” describes the level of variability among repeated
model projections (Table 1). The more widespread the results of
repeated projections are, the more uncertain we regard them.
Uncertainty depends on the consideration, implementation, and
parameterization of processes in a model. As processes can vary
among model implementations, projection uncertainty can vary
among models. Therefore, projection uncertainty is a model prop-
erty that can be quantified within the remits of the model.

The above concepts do not allow quantifying reliability, as
we cannot quantify accuracy of future projections, and can
approximate full uncertainty only to the degree of the pro-
jection uncertainty of alternative model implementations and
parametrizations. But the concepts allow us to identify potentially
unreliable projections, i.e. projections that are potentially inaccu-
rate or uncertain. Projections are uncertain, if the model outcome
shows broad variance. Projections should be expected to be inac-
curate, if they result from models that lack detail, even though
the detail’s relevance (Table 1) for model projections is known or
should be expected according to prior knowledge or theory.

In this opinion paper we discuss, whether reliable projections
of species and community responses to climate change can be
achieved given current knowledge; and how projection reliabil-
ity can be improved within a frame of modelling and empirical
research that aims at enhancing information. We particularly
address species range shifts, where species need to track the geo-
graphic shift of their suitable climatic conditions (Chen et al., 2011;
Hickling et al., 2006; Parmesan et al., 1999). We focus on species
range shift projections, because of the growing interest in inform-
ing conservation policy of the potential risks of climate change to
biodiversity (e.g. Root et al., 2003; Walther et al., 2005) and the
repeated call for reliable predictions and decision-support. How-
ever, our arguments are also applicable to other areas of predictive
modelling (Martin et al., 2015; Matthiopoulos et al., 2015), espe-
cially in the context of rapid, mixed environmental changes.

Several approaches exist to project the impact of climate change
on the shifting of species distributions, with correlative species

distribution models (C-SDMs; also known as niche or climate enve-
lope models) and highly mechanistic species distribution models
(M-SDM:s; also known as process-based models) being at the oppo-
site ends of a gradient (Dormann et al., 2012).

The correlative approach relates observed geographical species
distributions to local environmental conditions (Guisan and
Zimmermann, 2000), following the assumption that the climatic
and environmental niche is the major factor determining species
range (Woodward and Williams, 1987). Subsequently, C-SDMs
project future species distributions according to projected climate
change, assuming that species either might disperse infinitely and
immediately follow change in climatic conditions, or that they can-
not disperse and therefore are restricted to future suitable areas
within their current range (e.g. summarized by Engler and Guisan,
2009).

In the recent hybrid modelling approach (H-SDM), C-SDMs are
enriched by consideration of additional ecological knowledge. H-
SDMs usually start with niche estimates from C-SDMs and in the
next step add single or few selected biotic factors or processes
(Dormann et al., 2012), usually in a form that phenomenologi-
cally aggregates effects of underlying mechanisms. Examples are
the inclusion of demography (Dullinger et al., 2012; Swab et al.,
2015), the inclusion of the spatial distribution of interacting species
to account for interspecific interactions (Kissling et al., 2010; Meier
et al., 2010; Schweiger et al., 2008) or the consideration of species’
dispersal abilities (Boulangeat et al., 2012; Buse and Griebeler,
2011; De Caceres and Brotons, 2012; Engler and Guisan, 2009;
Meier et al., 2012).

M-SDMs go a step further by including detailed abiotic and
biotic processes that mechanistically describe individual, species
or community responses to climate change (e.g. Bocedi et al., 2014;
Chuine and Beaubien, 2001; Kearney et al., 2008; Lischke et al.,
2006; Scheller and Mladenoff, 2008). In forward simulations of
M-SDMs, spatiotemporal dynamics of species range shifts emerge
from the interplay of the biotic processes. The concept of M-SDMs
follows the assumption that details about biotic interactions can-
not be ignored when modelling responses to climate change. Lurgi
et al. (2015) review types of M-SDM frameworks and their proper-
ties.

For reasons of clarity, in this paper, we do not treat H-SDMs as
an own category, but concentrate on the two extremes C-SDMs and
M-SDMs. H-SDMs can be considered either as enhancements of C-
SDMs, if they consider biotic factors in a correlative approach, or as
low-level M-SDMs, if they include single simplistic biotic processes.
Generally, there is a continuum of structural realism, with some
models including more, some less processes (Dormann et al.,2012).

Due to their methodological and structural differences, C-SDMs
and M-SDMs are suitable for different aspects of species distribu-
tion modelling. C-SDMs are designed to exploit widely available
data (e.g. species occurrence databases, spatial climatic variation).
By contrast, M-SDMs are particularly well equipped to include
detailed biotic processes (e.g. on species interactions, demogra-
phy, dispersal, or physiology), but their parameterization is hard
because of the lack of detailed ecological data (e.g. demographic
rates). We argue that these technical differences, with respect to
the inclusion of biotic processes and model parameterization, affect
projection reliability.



Table 1
Glossary.
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True value

Available knowledge

Projection

Model projection®

Prediction®

Accuracy of a
projection

Uncertainty of a
projection

Reliability of a
projection

Relevance of processes
or factors

Structural realism

Emergence

- Realized value (of an ecosystem state variable) in
the natural system. Measurement of a current or
past true value is limited by measurement
reliability. A future true value is unknown

- All available information about a natural system,
its responses to the environment and
environmental change, and about the environment
itself (for example observed data, expert
knowledge or ecological theory). Available
knowledge additionally includes information
about lack of knowledge

- Any description of the future and the pathway
leading to it

- Outcome of a model that provides potential
future responses to environmental change. Model
projections may also be used for forecasting
(projections over short time horizons)

- When a projection is branded “most likely” it
becomes a prediction

- The proximity of the mean projected value to the
true value. If the estimation procedure is repeated
and the mean of the values of all repetitions is near
the true value then accuracy is high, otherwise
accuracy is low.

Accuracy of a projection towards the future cannot
be quantified, because the future true value is
unknown. Nevertheless, true values of the past can
be used to inform models

- The variability of the projected values. If the
estimation procedure is repeated and the values
differ considerably then uncertainty is high
(imprecise estimates). If the repetitions yield very
similar projected values then uncertainty is low
(precise estimates). Projection uncertainty can be
quantified in terms of the output distribution of
the projective model. Yet, projection uncertainty is
a model property and therefore depends on the
specific model implementation and
parameterization

- The reliability of a projection is high if accuracy is
high and uncertainty is low.

Reliability cannot be quantified, due to the limits
in quantification of accuracy or uncertainty. Yet,
the concept allows identifying, when a projection
cannot be relied on.

A projection is potentially unreliable, if at least one
of the two conditions is fulfilled:

(1) projection accuracy cannot be trusted

(2) the projection is uncertain

- Importance of a process or factor to explain
variability in model projections. Relevance
depends on the change in conditions for which a
response is projected. Further, relevance of a
specific process or factor can vary among projected
model outcome variables

- The amount of considered reality in a model in
terms of correctly specified mechanisms and
processes considered relevant for the projection.
This definition extends the formulation used in the
context of pattern-oriented modelling (Grimm and
Railsback, 2012), because it includes processes that
cannot be motivated by the available patterns. This
extension acknowledges that scarcity of patterns,
should not rule out potentially relevant processes.
Instead our definition stimulates enhancement of
the evidence base that is required to understand
process relevance

- Dynamics and patterns that are not imposed
explicitly in the model, but result from the
interplay of processes included in the model. The
final outcome at the system level emerges from
this interplay

2 We have partly adopted definitions from the is-enes project: http://
climated4impact.eu/impactportal/help/faq.jsp?q=scenarios_projections._

predictions_forecasts.

In the following, we give an overview of how biotic pro-
cesses influence species distributions and their response to climate
change. We then conceptualize how inclusion of biotic processes
and their interplay alters projection reliability. Finally, we discuss
implications for the reliability of species range projections and sug-
gest a strategy towards more reliable projections.

2. Processes driving species and community distributions

Biotic factors impact species and community distributions and
range shifts. Theoretical and empirical studies have demonstrated
the relevance of demographic processes (Pagel and Schurr, 2012),
physiology (Fordham et al., 2013; Kearney et al., 2008; Kearney and
Porter, 2009; Morin et al., 2007, 2008), dispersal abilities (Travis
et al.,, 2013; Best et al., 2007; Zurell et al., 2012), intraspecific vari-
ability across spatial scales (e.g. in demographic rates (Swab et al.,
2015)), local adaptation (Atkins and Travis, 2010; Bocedi et al.,
2013; Bourne et al., 2014), evolution (e.g. changes in genetic vari-
ety along the gradient from core to range margin (Bocedi et al.,
2014; Cobben et al., 2011; Hill et al., 2011), enhancement of dis-
persal traits (Hill et al., 2011; Thomas et al., 2001) and habitat as
well as host plant switch (Thomas et al., 2001)), intraspecific den-
sity dependence (Best et al., 2007; Miinkemiiller et al., 2011) and
interspecific interactions (Brooker et al., 2007; Kissling et al., 2010;
Menendez et al., 2008; Miinkemiiller et al.,2009; Singer et al., 2013;
Svenning et al., 2014).

Species and community responses to climate change are driven
by interacting dynamics of the environment, the species and the
community (e.g. Blois et al., 2013; Higgins et al., 2012; Moir et al.,
2014 and references therein; Thuiller et al., 2013; Walther, 2010
- Figure 1). Spatiotemporal dynamics of the abiotic environment
(greenboxinFig. 1) via species (blue box) and community dynamics
(red box) alter species and community distributions (grey box).

Spatiotemporal environmental changes include land-use or cli-
mate change (e.g. Bellard et al., 2012), short-term environmental
stochasticity (e.g. Ripa and Heino, 1999), anthropogenic influences
(e.g. by pesticides Liess et al., 2008), or natural disturbance (e.g.
Johst and Drechsler, 2003). These processes operate on different
spatial and temporal scales and are often the result of drivers
external to the ecological system, although some feedbacks from
ecosystems can exist (Blois et al., 2013), for example effects of
vegetation on climate (Bonan, 2008).

Environmental dynamics directly affect species-specific spa-
tiotemporal dynamics (blue boxes in Fig. 1). Particular species
response dynamics (e.g. reviewed in Parmesan, 2006) are geo-
graphic range (Chen et al.,, 2011; Jump et al., 2012; Lenoir et al.,
2008; Parmesan and Yohe, 2003) or phenology shifting (Memmott
et al., 2007; Saino et al., 2011). Species dynamics may also involve
micro-evolutionary processes (Bellard et al., 2012; Travis et al.,
2009) or even population extinction (Johst and Wissel, 1997; Ripa
and Heino, 1999; Fowler and Ruokolainen, 2013; Urban, 2015).

Species level dynamics are governed by species traits and pop-
ulation processes (as indicated in the small blue boxes in Fig. 1).
Importantly, these key processes can interact substantially with
climate change. For example, climate change can have both direct
and indirect impacts on the dispersal behaviour or capacities of
individuals (Travis et al., 2013).

Even more complex are spatiotemporal dynamics at the com-
munity level (upper red boxes in Fig. 1). Processes influencing
community dynamics include interspecific interactions or coevo-
lution. Interspecific interactions can directly respond to climate
change (Blois et al., 2013). Environmental change can alter existing
species interactions (Laws and Joern, 2013; Stenseth et al., 2015),
alter the extinction risk of populations and species within com-
munities (Ruokolainen and Fowler, 2008) or even change the type
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Emergence: species richness,

abundances, distributions, range shifts

Reliability of the outcome:
| Accuracy and uncertainty

3. Spatiotemporal community dynamics

Demographic
stochasticity

Interspecific interactions:
type, strength, network complexity

Co-
evolution

Dynamical
feedbacks

Strong impact

2. Species-specific spatiotemporal dynamics

Demographic
stochasticity

Demographic
traits, dispersal

Plasticity/

Initial
conditions

Dynamical

Evolution feedbacks

i

Parameter and structural uncertainty
1

Environmental
change

1. Spatiotemporal dynamics of the abiotic environment

Disturbances, |
Catastrophes
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‘ Environmental
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Fig. 1. Scheme of the three major levels of dynamics involved in mechanistic community models and their relation to uncertainty. The dynamic levels are: (1) level of
spatiotemporal environmental dynamics (green), (2) level of single species dynamics depending on species traits and stochastic nonlinear population dynamics (blue) and
(3) level of community dynamics depending on species interactions (red). The small boxes indicate governing conditions, mechanisms, or drivers. The first dynamic level
can directly impact both the second and third level (green arrows). The second and third levels strongly influence each other (visualized by the double arrow). All levels and
their interactions are subject to uncertainty (orange underlying box). Uncertainty is distinguished in parameter and structural uncertainty (left orange box) and inherent
uncertainty caused by the complexity of the dynamics (right orange box). The model outcome (upper left grey box) emerges from the lower level dynamic processes. Its
reliability can be characterized by resulting uncertainty and accuracy (upper right orange box). (For interpretation of references to color in the figure, the reader is referred

to the web version of the article.)

of interactions between species (Travis et al., 2006). Even more
important, however, are the indirect responses of communities
to changes in presence or species-specific dynamics of any of the
interacting species (e.g. Norberg et al.,, 2012; Sanders and van Veen,
2011; coloured arrow from second to third level in Fig. 1). Because
species respond differently to environmental change (Davis, 1981;
Voigt et al., 2003; Zurell et al., 2009; Stenseth et al., 2015), changes
in range and phenology alter not only the spatiotemporal dis-
tribution of single species but also the character of interspecific
interactions (Zarnetske et al., 2012).

Communities might be disassembled due to range mismatch
(Polce et al., 2014; Schweiger et al., 2008) or newly assembled
due to invasions (Anderson et al., 2014; Svenning and Condit,
2008). Phenology mismatches, caused by asynchronous phenologi-
cal shifts, might disrupt species interactions even when species still
co-occur (Bartomeus et al., 2011; Hegland et al., 2009; Memmott
et al., 2007), or generate new species interactions (Hobbs et al.,
2009; Pateman et al., 2012).

Community dynamics also feed back into intraspecific dynam-
ics (Blois et al., 2013), indicated by the coloured double arrow
linking third and second level in Fig. 1. As a result, com-
munity processes potentially change relative abundances and
species co-occurrences, leading to changes in strength, form
and number of intraspecific interactions. The feedback between
inter- and intraspecific dynamics can yield a rich variety of
community responses to climate change (Bocedi et al.,, 2013).
These still need to be explored, since they remain poorly
understood.

3. How does the consideration of biotic processes impact
projection reliability of species and community models?

We suggest that the inclusion of biotic processes in models of
species and community responses to environmental change has
three main consequences:

(1) Inclusion of relevant processes enhances structural realism,
and reflects the mechanistic knowledge about the ecological sys-
tem. Increase of structural realism can improve model accuracy.
However (2), the available ecological knowledge (e.g. reviewed
in Thuiller et al., 2013) might be insufficient to fully describe
relevant processes that should be implemented, leaving us with
parameter and structural uncertainty (left orange box in Fig. 1;
Table 2). (3) The additional complexity caused by the interplay
of coupled stochastic processes results in inherent uncertainty
(right orange box in Fig. 1). Below we explain these consequences
in more detail, with specific sources of uncertainty described in
Table 2.

3.1. Accuracy due to increased structural realism

Structurally realistic models have several advantages: (1) the
processes capture causal relations of principal ecological mech-
anisms that govern responses of species and communities to
environmental change, (2) from these mechanisms spatiotempo-
ral population dynamics and therefore species and community
dynamics (such as range shifts) emerge (DeAngelis and Mooij,
2005), and (3) the principal ecological mechanisms and the
model’s emergent properties are assumed to be invariant under
environmental change, which makes structurally realistic mod-
els suitable for extrapolations to new environmental conditions,
such as climate change (Buckley et al., 2010; Schurr et al.,
2012).

For these reasons, it can be expected that increased structural
realism enhances the model’s projection accuracy, i.e. an average
model projection should be closer to the true value. In contrast,
omission of a process that is known to affect the dynamic response
of a species or community to environmental change (e.g. dispersal)
can corrupt the accuracy of model projections. This can be coun-
teracted by testing plausible alternative model structures for their
consequences on projection accuracy.
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Processes and factors impacting uncertainty in species and community distribution modelling.
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Sources

Description, examples

1. Parameter and structural uncertainty
Parameter uncertainty

Structural uncertainty in environmental processes

- Uncertainty in parameter values of all factors and processes involved; limited data availability (e.g.
on species niche differences, temperature or precipitation change); uncertainty in data (e.g. in species
distribution data); missing data

- Uncertainty about which abiotic environmental factors and processes are essential for the species
and communities

Structural uncertainty in population processes

- Uncertainty about (1) which population dynamic processes are essential; (2) the type and/or

structure of intraspecific interactions; (3) entrance points of the abiotic environmental effects
concerning life history parameters and intraspecific interactions

Structural uncertainty in community processes

- Uncertainty about (1) which community dynamic processes are essential; (2) the type and/or

structure of interspecific interactions (e.g. mutualism or commensalism, unknown attributes of food
web structure); (3) unknown functional responses; (4) how external drivers impact interspecific

interactions
2. Uncertainty due to the complexity of dynamics
Environmental and demographic stochasticity

- Random events may lead to completely different communities (e.g. stochastic trajectories of

succession); they influence population dynamics and extinction risk; may impact population cycles,
altering timing and intensity of the dynamics of interacting species; determine colonization/
extinction patterns, founder effects and selection

Intra- and interspecific interactions; biotic feedbacks

- Multiple interactions and feedbacks inflate uncertainty in ecological networks; existence of

alternative stable states can cause changes in species abundance, dynamics and composition;
propagation of uncertainty; dependency of dynamics and future system states on initial conditions/

system’s history
- Pulse, press or ramp perturbations disturb population and community dynamics; transients are

Transient dynamics

dictated by biotic interactions; may cause differences in short-term vs. long-term observations,
time-lags (slow reaction to external change), or (extreme) fluctuations in species or community

metrics
Trait and individual variability

- Intraspecific genetic/ phenotypic plasticity can lead to completely different communities (e.g.

switches to hosts previously not available)

Evolution

- Evolution alters species traits during range shifting; evolutionary rescue effects

3.2. Parameter and structural uncertainty

Model processes have to be described and parameterized.
Knowledge gaps will introduce uncertainty at all three dynamical
levels (e.g. Zurell et al., 2012; left orange box in Fig. 1).

At the species level, large empirical and synthesis efforts now
aim at filling knowledge gaps (Lavorel and Garnier, 2002; Violle
and Jiang, 2009). Examples include databases covering a range of
traits for a large number of plant (e.g. Kattge et al., 2011) or ani-
mal species (Jones et al.,, 2009). Other databases collect species
needs (e.g. area requirement, see Pe’er et al., 2014), and life history
transition models (Salguero-Gémez et al., 2015).

Besides parameter uncertainty, there is uncertainty about the
structure of processes. Structural uncertainty includes e.g. the way
environmental drivers impact on species demographic parameters
(Johst et al., 2013; Radchuk et al., 2013; Ruokolainen and Fowler,
2008), the shape of species’ dispersal kernels (Higgins et al., 2003)
or the hierarchical organization of environmental and landscape
structure (Matlack and Leu, 2007).

In the context of community projections, the parameter space
increases together with increasing species number, because the
interactions between species have to be described and parame-
terized as well as intraspecific traits. (Estimation of intraspecific
parameters in the absence of interacting species will likely gen-
erate erroneous predictions.) Methods have been suggested to
reduce the dimensionality of the parameter space (Kissling et al.,
2012). Among them topological (Binzer et al., 2011; Dunne et al.,
2002) and dynamical interaction network analyses (Bastolla et al.,
2009; Thébault and Fontaine, 2010), currencies or regulating fac-
tors (Barabas et al., 2014), and community modules (Gilman et al.,
2010) support the use of dynamic community models.

While some structural aspects of communities might be rel-
atively well known (e.g. their topological ‘foodweb’ structure),
we are less informed about other features, for example the type
or functional form of interspecific interactions (facilitation versus
competition, symmetric versus asymmetric competition, stabiliz-
ing versus equalizing structuring of communities (Chesson, 2000)).

Even less is known about the way in which environmental drivers
impact species interactions, which is only recently becoming
an increasingly important research topic (Barabas et al., 2014;
Stenseth et al., 2015).

3.3. Uncertainty due to the complexity of dynamics

3.3.1. Uncertainty due to stochastic events or biotic feedback
processes

Generally, stochastic dynamics coupled with dynamic feedbacks
generate inherent uncertainty (Higgins et al., 2003; Petchey et al.,
2015). Therefore, community dynamic responses to environmental
change can be highly variable.

Fig. 2 displays an illustrative example of two interacting species
and their coupled nonlinear responses to an environmental driver.
Depending on the driver’s strength and variability, the nonlinear
responses of species A and B will be weak or strong and the variabil-
ity amplified or dampened. The situation will often be even more
complex, as species may directly respond to the environmental
driver and to each other.

Stochastic processes introduce variance. This variance changes
while propagated through population and community dynamic
processes. Depending on the processes, the impact of stochas-
tic variance might be amplified (Greenman and Benton, 2003) or
reduced leading to increased or reduced projection uncertainty
(Donalson and Nisbet, 1999). More critically, parameter uncer-
tainty or stochastic events can trigger alternative system states
(Van Nes and Scheffer, 2003). For example due to founder effects,
the random early arrival of one species on a site might provide the
essential advantage to outcompete later arriving species (Geange
and Stier, 2009). As it is unknown, which species by chance will
be first to colonize a site, this uncertainty cannot be reduced and
may result in highly uncertain projections of species or community
responses, even if the ecological system is known to a high degree
of detail. Strong and multiple coupling of stochastic dynamics and
biotic feedbacks is typical for community responses to environ-
mental change (see Fig. 1).
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Fig.2. Scheme of uncertainty due to twofold nonlinear relationships. The non-linear
relationships are exemplified by a monod response of species A to the environment
and a sigmoid response of species B to species A. Uncertainty in the strength of the
environmental driver (schematically displayed as grey boxes in the bottom panel)
leads to uncertainty in the response of species A to this driver depending on the
nonlinear shape of the species response curve (black solid line). If the driver is weak
(a), uncertainty in the driver value causes high uncertainty in species A’s response
to the driver (c). If the driver is strong (b), but uncertainty in the driver remains
the same as before, uncertainty in the response of species A is lower (d). Further, if
species A affects species B the environmental change may also influence species B
even if species B itself is not directly impacted, through environmental filtering. The
response of species B to species A introduces another nonlinear relationship that
propagates the uncertainty in species A response (c, d) to uncertainty in species B
response (e, f).

3.3.2. Uncertainty due to transient dynamics

Responses to environmental changes are inherently transient
(e.g. Singer et al., 2013; Snell et al., 2014), and disturbances keep
many ecological systems in a transient state (as collated in Pickett
and White, 1985). Environmental conditions (e.g. temperature)
may continuously change over long time periods with ongoing
effects on the population and community dynamics. But even
short disturbance events can cause long lasting transient phases,
depending on the type of population dynamics and the number
and type of interspecific interactions (Hastings, 2004; Liess and
Foit, 2010). Transient dynamics can involve stronger temporal vari-
ance in species and community dynamics than expected for a stable
community, e.g. sudden disease outbreaks after invasion of an addi-
tional host species (Singer et al., 2009).

Transient dynamics are sensitive to demographic and environ-
mental stochasticity that can shift community dynamics towards
one of the several alternative equilibrium states. The long-term
response might not be predictable from transient system behaviour
as demonstrated by Fukami and Nakajima (2011). One area where
transient dynamics are extremely important is projection of the
spread of invasive species (Vaclavik and Meentemeyer, 2012).

3.3.3. Uncertainty due to individual variability and evolution

Variability among individuals within a species can be an
important factor in shaping and shifting species responses to envi-
ronmental change (Albert et al., 2011; Swab et al., 2015; see Moran
et al., 2016 for a recent review).

Modelling studies have demonstrated impacts of range change
on evolution and genetic diversity (reviewed by Kopp and
Matuszewski, 2014). Neutral and even deleterious mutations at the
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Fig. 3. Schematic figure characterizing the projection reliability for a species
geographic range shift (C-SDM, correlative species distribution model; M-SDM,
mechanistic species distribution model). The position of distributions relative to the
true value (point on x-axis) indicates projection accuracy. The shape of the distri-
butions illustrates projection uncertainty assuming the consideration of all sources
of uncertainty (Table 2). We exemplarily display assumed range projections for a
species with intermediate dispersal that is reliant on the presence of another species.

leading edge of expanding populations can survive for considerable
time (Travis et al., 2007), while total neutral genetic diversity in
range shifting species declines (Cobben et al., 2011). Further, the
evolution of life history traits such as reproduction rate or com-
petitive ability may be triggered and influenced by climate change
(Burton et al., 2010; Hill et al., 2011; Thomas et al., 2001), and
evolutionary processes can operate within ecological time scales
((Hendry et al., 2007).

There is little understanding of the impacts of individual vari-
ability and evolutionary processes in the interplay with dynamical
feedbacks on range dynamics. Theoretical studies suggest their
importance (e.g. Bocedi et al., 2013; Cobben et al., 2012; Valladares
et al., 2014). Nevertheless, individual variability and evolutionary
processes are often poorly recognized in projections of future com-
munities (Evans et al., 2013), with potential effects on projection
reliability.

4. Projection reliability of species and community
distributions

The dilemma for achieving reliable species and community pro-
jections under climate change is as follows: On the one hand,
all relevant landscape and biotic processes must be included to
be structurally realistic and to avoid potentially inaccurate model
projections. On the other hand, inclusion of processes that are
insufficiently informed increases projection uncertainty and might
corrupt accuracy. Thus, model projections are unreliable, if poten-
tially relevant processes are missing or if relevant processes are
included that cannot be sufficiently parameterized due to lack of
data.

Fig. 3 schematically illustrates projection reliability from
approaches that incorporate or omit relevant biotic processes. For
the scheme, we assume a species that responds to changes in cli-
mate by shifting its geographic range. The species can disperse over
medium distances and is reliant on another species.

The C-SDM is calibrated to the species abiotic niche. Implemen-
tation of biotic processes in a C-SDM is technically difficult. To
consider dispersal, we retract to a common and technically fea-
sible approach: We display two C-SDM projections differing in the
assumption that the species either cannot disperse (left C-SDM
distribution) or that it can immediately follow the changes in abi-
otic conditions (right C-SDM distribution). Assuming the latter,
the projected range shift is remote from the true value. Assum-
ing no dispersal, the C-SDM projection is closer to the true value.
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However, its underestimation of the species dispersal ability has
effects similar to those of the interspecific interaction that in fact
limits the species range shift. Thus, accuracy is achieved for the
wrong reason.

M-SDM s that include population dynamic processes and species
traits (in Fig. 3 schematically depicted for the medium dispersal
ability) should predict more accurately (resulting in a distribution
of outcomes closer to the true value). Yet, Fig. 3 illustrates that
model accuracy is still low, because a relevant process is miss-
ing: the interspecific interaction. Adding this process to the M-SDM
provides the highest chance to encompass the true value.

Projection uncertainty varies between the C-SDM and M-SDM
approach (as visualized in Fig. 3). According to C-SDM projections
uncertainty is seemingly low. M-SDM projections convey higher
uncertainty because they consider additional sources of uncer-
tainty (orange boxes in Fig. 1 and Table 2). Given the trade-off
between accuracy and uncertainty, we propose that reliable pro-
jections of the species range cannot be achieved from currently
available knowledge.

4.1. Projection reliability of different methodological approaches
to model range shifting

Different approaches have been developed to cope with the cur-
rent lack of detailed ecological knowledge, which presents the key
limitation to reliable projections.

C-SDMs take a common approach to circumvent knowledge
gaps. They revert to available knowledge. Available for many
species is data on spatial occurrence and the spatial distribution
of environmental conditions. C-SDMs are particularly well devel-
oped to analyze such spatial data. However, it is technically hard
to incorporate biotic processes. Therefore, projections made by
C-SDMs may lack accuracy or achieve accuracy for the wrong rea-
sons (as visualized in Fig. 3). Projection accuracy for C-SDMs is
reduced for example if the species are not in equilibrium with
their environmental conditions during data collection or their abi-
otic niche cannot be filled due to constraints from biotic processes
(Dormann, 2007; Guisan and Thuiller, 2005). Zurell et al. (2009)
found that accuracy of correlative models depends on ecological
circumstances and the transience of population dynamics. C-SDMs
should be accurate if a species range is largely determined by the
species physiological requirements, which in the correlative model
can be approximated by abiotic environmental factors - but evi-
dence shows that this is rarely the case (Keil et al., 2012).

Apart from accuracy, we expect the projection uncertainty of C-
SDM s to be small in comparison to the uncertainty that is contained
in the knowledge about the ecological system. The limited outcome
uncertainty (Fig. 3) usually comprises model-based uncertainty
from variance among statistical methods, measurement errors in
the input data, and uncertainty about future environmental condi-
tions (Gould et al., 2014; Guisan et al., 2006; Thuiller, 2004; Thuiller
et al,, 2004). In sum, C-SDMs bear the risk of overestimating or
underestimating species’ range shift capacities, and of underesti-
mating the true uncertainty because they ignore the complexity of
biotic processes and related knowledge gaps.

H-SDMs overcome some of the technical limitations of C-SDMs
(e.g. Guisan and Thuiller, 2005). for specific ecological situations,
where additional ecological knowledge is available. Gallien et al.
(2010) suggest that H-SDMs provide reliable projections for the
spread of invasive species, if processes are selected firstly for their
relevance but ultimately according to the sufficient availability of
data for their parameterization. This approach can keep control on
projection uncertainty, but the omission of relevant processes due
to data limitation can corrupt model accuracy.

M-SDMs aim for structural realism by including many ecologi-
cal processes. From their dynamic interplay, key model output (e.g.

species geographic distributions) emerges. The gain in structural
realism should enable reliable projections across a wider range of
abiotic and biotic conditions, even beyond the particular environ-
mental conditions used for model parameterization (Evans et al.,
2013) and for different assumptions on species traits, interactions,
and evolution. The scheme (Fig. 3) illustrates that projections made
by M-SDMs can reach the true value of a target variable, such as
range shift, if relevant abiotic and biotic factors are included (Sec-
tion 3.1). Yet, the scheme also visualizes the large uncertainty in
the output if relevant processes are not known or cannot be suffi-
ciently parameterized from available knowledge (Section 3.2). Even
without knowledge gaps the inherent uncertainty due to the com-
plexity in dynamics (Section 3.3) remains a source of projection
uncertainty.

4.2. A protocol to enhance projection reliability

Currently, species distributions cannot be reliably projected for
many species, mainly due to missing detailed ecological knowl-
edge. Yet, a joint effort of modelling and empirical research can
improve the situation. We describe a protocol to improve pro-
jection reliability of future species distributions by systematically
identifying and reducing currently limiting knowledge gaps.

Step (1) Collect all relevant knowledge that might inform pro-
jections of current and future species distributions (e.g.
knowledge on geographic distributions, environmental
change and ecological response processes). In order to
avoid missing any potentially relevant information, we
suggest that the initial conceptual step of model building
is guided by theory and filtered through expert knowl-
edge and evidence (see also Gallien et al., 2010). Theory
provides a generic framework that includes all gener-
ally potentially relevant processes (Section 2) and process
implementations. This set of general ecological principles
must be enhanced and filtered by system specific, some-
times non-codified anecdotal expert knowledge (Topping
etal., 2015). Critically applied, system-specific knowledge
and evidence quickly constrains the vast framework to a
model structure that is specific to the species and commu-
nities investigated. Remaining uncertainty about model
structure has to be considered by alternative model imple-
mentations (e.g. Smith et al., 2008).

Step (2) Parameterize all relevant processes. In the best case, the
model can be informed by appropriately resolved data.
In direct parameterization, the models can be param-
eterized from detailed ecological process information.
Calibrations (e.g. inverse modelling (Hartig et al., 2012;
Marion et al., 2012; Van der Vaart et al., 2015) or related
pattern-oriented modelling (Grimm and Railsback, 2012;
Wiegand et al., 2003)) facilitate implementation of large-
scale information (e.g. by searching for the model that
best fits the data). In this way, different types of infor-
mation at different scales can be applied to parameterize
the model (Schurr et al.,, 2012). Yet, in many cases, data
are missing, and we have to rely on approximations (e.g.
aggregated information or information from ecologically
similar species). Different sources of evidence, but also
theory might provide guesses on missing process param-
eters.

Step (3) Assess, partition and try to quantify the consequences
of various sources of uncertainty for model projections.
Standard methods for analyzing complex simulation mod-
els (Meyer et al., 2009; Refsgaard et al., 2007) include: (1)
Assessment of uncertainties revealed in model calibration
(step 2) or uncertainty analysis of the emerging model
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outcome distribution. (2) Model selection, model aver-
aging or structural and parameter sensitivity analysis
(Saltelli et al., 2000) to reveal the importance of processes
and process implementations. If alternative processimple-
mentations or parameter values do not relevantly affect
model projections, this complexity can be omitted from
the model. If processes affect model projections strongly
but cannot be appropriately parameterized, it is worth
gathering additional information on these processes (e.g.
from empirical research) to improve projection reliabil-
ity (see step 4). (3) Model validation (or ‘model output
corroboration’; see Augusiak et al., 2014) assesses the abil-
ity of a model to reliably project independent data (i.e.
data to which it was not calibrated). Reliable projection
of independent data (for example in hindcast) enhances
trust that the model also reliably projects future patterns.
Unfortunately, statistically independent data might not
be available (Mouquet et al., 2015). (4) Scenario analysis
(e.g. Peterson et al., 2003) helps characterizing the conse-
quences of plausible but uncertain future developments.
For example comparing range projections with different
underlying climate change scenarios (Moss et al., 2010;
Spangenberg et al., 2012) provides insight in the impact of
potential societal and climatic developments. For further
approaches to handle, reduce or cope with uncertainty, see
areview by Haila et al. (2014).

Step (4) Implement an iterative loop of model improvement alter-
nating with empirical data acquisition. Steps 2 and 3 reveal
knowledge gaps that critically affect projection reliabil-
ity. These relevant knowledge gaps should predominantly
be tackled by empirical research, because the respective
information has high potential to improve projection reli-
ability. As such, the protocol suggests mutual stipulation
of modelling and empirical research to overcome limiting
knowledge gaps.

Step (5) Communicate. Thorough communication is essential to
allow for evaluation and interpretation of model pro-
jection reliability (Gregr and Chan, 2015) and to avoid
unjustified generalization or application (Mouquet et al.,
2015). Following protocols from ecological risk assess-
ment (Pe’er et al., 2013; Schmolke et al., 2010), studies
on future species projections require detailed documen-
tation of (1) the model (following sophisticated protocols
such as the ODD-protocol; Grimm et al., 2006), (2) alterna-
tive model implementations, (3) rationales for modelling
decisions (e.g. expert information, data, or theory), (4)
available information and sources of uncertainty, (5) pro-
jection uncertainty and (6) interpretation.

This protocol follows common approaches from systems anal-
ysis that have been advocated to structure modelling of ecological
systems (Jopp et al,, 2011). System analysis and other techniques
to construct complex ecological models (e.g. Grimm and Railsback,
2005) are applied to determine relevant processes and their inter-
actions, define model and process structure, identify parameters
and knowledge gaps. New to the suggested protocol is that it
particularly aims at enhancing projection reliability. The proto-
col requires not only to improve understanding of the system’s
behaviour under known conditions, but also to provide a compre-
hensive picture of possible future outcomes. Comprehensive means
exploration of possible outcomes is supported by incorporating
all relevant knowledge (step 1) as well as implementing (step 2)
and evaluating (step 3) alternative models that conform to cur-
rent knowledge. The protocol goes beyond usual parsimony-based
criteria of model building (as recently requested by Topping et al.,
2015), and instead defines a framework to even take into account

evaluation of consequences of plausible and potentially relevant
processes.

4.3. The pros and cons of applying this protocol

The protocol structures compilation of knowledge that is
required for reliable projections. Stepwise, required, available, and
desired knowledge is identified and implemented in the projec-
tion model. This procedure provides transparency of the knowledge
base that underlies the model and model projections (see also the
system analysis approach in Jopp et al,, 2011). In this sense, the
protocol implements ‘evaludation’ (Augusiak et al., 2014) to allow
for the assessment of projection quality.

The protocol reveals consequences of lacking or unreliable
information. Missing or erroneous knowledge about implemented
processes and related parameters translates into projection
uncertainty. This model-dependent uncertainty comprises the con-
sequences of current knowledge gaps (Section 3.2) and inherent
sources of uncertainty (Section 3.3).

The information obtained on the relevance of knowledge gaps
will then guide efficient allocation of empirical efforts. In the joint
empirical and modelling effort, research is focused on improving
the knowledge base for influential but currently under-informed
ecological processes. The additional information will improve pro-
jection reliability.

Critical to the protocol (steps 1-3) is the selection of relevant
processes that should be included in projection models. Process
selection s difficult, because usually there is insufficient knowledge
on process relevance. Different strategies of process selection have
been suggested and are commonly applied:

Firstly, it is suggested to rely on available data. Gallien et al.
(2010) suggests that projection reliability for species invasion
improves if implemented processes are selected according to the
availability of data for their parameterization. Secondly, parsimony
is a common criterion to identify relevant processes. The objec-
tive is to reduce the model to the smallest subset of processes and
factors that efficiently contribute to explain variance in the data
(Borcardetal.,2011). Thirdly, ecologically plausible processes are in
principal relevant. The processes are parameterized from the avail-
able data as good as possible, and consequences of knowledge gaps
are evaluated.

These strategies of process selection have their advantages and
disadvantages. The first and second strategies achieve well param-
eterized models that might lack potentially relevant processes
(cf. Topping et al., 2015). Potentially relevant processes might be
ignored due to the lack of data to parameterize them, or they
might be ruled out by statistical model selection due to lack of
empirical evidence for process relevance. Statistical model selec-
tion can falsely underestimate process relevance, if for example a
biotic response has not been investigated along an environmental
gradient that is likely realized in the future.

The third strategy may lead to complex models that often cannot
be sufficiently parameterized. It is likely that the emergent model
outcome distribution will include the true value (see Fig. 3). But,
due to the high uncertainty, this is of little practical use. Therefore,
complex dynamic models have been criticized. Two main criticisms
are brought forward. Firstly, complex models are hard to under-
stand and their dynamics are not easily tractable (e.g. Levins, 1966).
In particular, erroneous specification of complex models could
strongly corrupt projection reliability. Secondly, they are poten-
tially over-fitting and hard to parameterize, because their processes
can internally be highly correlated (e.g. Hartig et al., 2014). It might
be impossible to resolve these correlations with the presently avail-
able patterns and data (Dormann et al., 2012).

The above described strategies for process selection are
extremes. In order to practically build well-suited projection
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models that balance model complexity against available informa-
tion (Johnsonand Omland, 2004; Thuilleretal.,2013), the strategies
should be consciously modified and combined.

Nevertheless, we reiterate that, even from the best constructed
models, reliable projections of species range shifts cannot be
expected in the current situation of severe knowledge gaps for
many species. Overly optimistic assessment of model reliabil-
ity in the context of decision making is risky, and shortcomings
of projections must be highlighted (e.g. Gould et al., 2014) and
communicated. In the protocol, the purpose of models is reliable
projection. If projection reliability is weak, the models help revea-
ling consequences of knowledge gaps (concerning model structure
and parameterization) and of inherent uncertainty due to complex
(stochastic nonlinear) community dynamics. In this way, models
support identifying the responsible sources of uncertainty.

To be fit for purpose, models must include the set of processes
that potentially relevantly influence the specific species and com-
munity responses to environmental change (Section 2), as well as
the accompanying uncertainty (Section 3). This set is easiest to be
implemented in M-SDMs. The process-based modelling framework
allows important flexibility, which is difficult to achieve in a cor-
relative approach. Ecological processes are the building blocks of
M-SDMs. Processes can easily be included or modified. Further,
mechanistic models can be parameterized from different types of
data across different scales (Schurr et al., 2012).

We agree that projection models applied in the framework of
the protocol are complex. We advocate for accepting this neces-
sary complexity (Topping et al., 2015) and resulting uncertainty
(c.f. Pe’er et al., 2014). From this complexity and uncertainty the
limits to projection reliability emerge.

Yet, ultimately the protocol aims at providing reliable pro-
jections of future species and community ranges. In order to
improve projection reliability, which currently is limited by a lack
of knowledge, we advocate for an efficient enhancement of relevant
knowledge (c.f. Schurr et al., 2012). The protocol helps to identify
available knowledge, and to fill critical knowledge gaps in joint and
targeted empirical and modelling research efforts.

5. Conclusions

Next generation species distribution models can and should take
into account not only the (abiotic) landscape change correlated
to the realized species niches, but explicitly the (biotic) popula-
tion and community processes that are involved in the response
to the abiotic change (c.f. Bocedi et al., 2014; Evans et al., 2013;
Kearney and Porter, 2009; Snell et al., 2014). At a first glance, the
large amount of information required to parameterize the complex
mechanistic species distribution models might appear to be a draw-
back. However, this ‘data hunger’ actually reflects the knowledge
that is necessary to reliably project future species and community
distributions.

We suggest a protocol to reliably project species distributions
in a joint modelling and empirical research effort. Models guide
empirical research to target critical knowledge gaps that cur-
rently limit projection reliability. The targeted research will quickly
improve reliability of species and community range projections.
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