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The movement of most animal species for which space-use has 
been studied is spatially constrained within a characteristic home 
range. The ubiquity of this space-use pattern suggests that: (a) site 
familiarity may be adaptive in a wide range of ecological systems, 
improving resource acquisition (Merkle et al., 2014; Spencer, 2012; 
Van Moorter et al., 2009) and/or reducing rates of mortality (Gehr 
et al., 2020); and (b) that home ranges likely result from general bio-
logical mechanisms (Börger et al., 2008). A variety of statistical mod-
els have been proposed to describe the spatial patterns of animal 
home ranges (Powell, 2000); however, these statistical estimators 
can only offer limited insights into the underlying drivers of space-
use and how patterns of space-use might change in response to 
changes in the environment.

Mechanistic home range analysis (MHRA) develops predic-
tions for patterns of animal space-use, by ‘modelling the movement 

process’ (Millspaugh & Marzluff, 2001). This involves developing a 
mathematical formulation for the movement behaviour of individual 
animals: the fine-scale movement behaviour of each animal is de-
scribed in terms of distributions of step lengths and directions of 
movement within successive time intervals, and how these distribu-
tions change in response to the animal's surrounding environment 
and/or interactions with other individuals. For example, animals 
often decrease the distance moved per unit time in areas of high 
food availability, or may avoid moving into areas where other individ-
uals are present (e.g. Moorcroft et al., 2006). From this mathemat-
ical formulation of fine-scale individual movement behaviour, it is 
then possible to obtain equations for the predicted space-use of an-
imals that result from them moving on a given landscape. Typically, 
these space-use equations take the form of an advection-diffusion 
based partial differential equations (PDEs) whose terms reflect the 
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(2020). Mechanistic home range analysis reveals drivers of space use patterns for 
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2656.13292. Most animals for which space use has been studied restrict their 
movements into a constrained spatial area: their home range. The ubiquity of this 
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logical contexts, and that they likely arise from general biological mechanisms. In this 
issue, Ellison et al. use a mechanistic home range analysis (MHRA) to uncover the 
drivers underlying home range patterns in a passerine that is non-territorial. They 
show that a model integrating both resource preferences (specifically, an attraction 
to woodland centre), and memory-mediated conspecific avoidance can capture the 
space-use patterns observed in a wild population of long-tailed tits Aegithalos cau
datus. In doing so, their analysis extends the applicability of MHRA to capturing and 
predicting home range patterns beyond the previously studied cases where spatially 
exclusive home ranges emerge from scent mark-mediated avoidance responses to 
neighbouring groups.
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environmental and ecological factors affecting the animal's underly-
ing movement behaviour.

To date, MHRAs have mostly been applied to mammalian carni-
vores using a cue-based formulation in which the combined influence 
of scent-mediated conspecific avoidance, and attraction towards a 
central-place (e.g. a den) can predict the formation of stable territo-
ries (Bateman et al., 2015; Briscoe et al., 2002; Giuggioli et al., 2011; 
Lewis & Murray, 1993; Moorcroft & Lewis, 2006; Moorcroft 
et al., 1999, 2006). In their recent article, Ellison et al. (2020) pro-
pose an alternate memory-based MHRA formulation, and show 
that it successfully captures the space-use patterns observed in 
a population of long-tailed tits Aegithalos caudatus (Figure 1a), a 
non-territorial passerine: the authors show that stable home ranges 
emerge from the combined influence of (a) memory-mediated con-
specific avoidance, and (b) attraction towards the centre of wood-
land area. This is a significant contribution to the field of MHRA as 
it incorporates an alternate mechanism underlying the formation 
of home ranges, thereby extending the application of MHRA to 
non-territorial species. The MHRA formulation used in the analysis 
was first proposed in a theoretical paper by Potts and Lewis (2016), 
which demonstrated that, in the absence of both indirect territorial 
cues (e.g. scent marks) and a central-place (e.g. den site), constrained 
space-use can emerge from the memory-based avoidance of loca-
tions associated with previous conspecific interactions.

Ellison et al.'s (2020) analysis provides empirical support for this 
memory-based formulation of conspecific avoidance. Moreover, 
they formulate and test a suite of hypotheses pertaining to the in-
fluence of woodlands on long-tailed tit movements and resulting 
space-use patterns. Specifically, the authors explore whether the 
effect of tree cover on movement reflects taxis (i.e. influences direc-
tions of movement) or kinesis (i.e. alters the underlying distributions 
of movement speeds and turning angles), and whether these effects 
occur when individuals are located inside, outside or at woodland 
edges. Ellison et al. find that MHRA formulations that include ad-
vection towards woodland cores most accurately captured the 
long-tailed tits' home range patterns (Figure 1b,c). This formulation 

contrasts with previous MHRAs in which resources primarily influ-
enced animal speed and turning angle (i.e. kinesis)—coyotes Canis 
latrans (Moorcroft et al., 2006) and meerkats Suricata suricatta 
(Bateman et al., 2015) travel more slowly in habitats that are rich 
in resources—but is similar to (taxis) avoidance of terrain features 
in the aforementioned studies. Close examination of the model's 
predictions reveals that observed long-tailed tit relocations are con-
centrated at the edges of the predicted home range, as opposed 
to the core of each home range (Figure 1c). This mis-match may be 
caused by the need to maintain regular presence or vocalize at home 
range edges to deter neighbouring flocks, or, alternatively, because 
long-tailed tits are responding to the finer spatio-temporal distribu-
tion of resources (e.g. ecotonal transitions between woodlands and 
pastures). An interesting avenue for further analysis of this dataset 
would be to explore these alternate behavioural hypotheses for the 
concentration of relocations at home range edges. One approach 
may be to formulate a model of fine-scale movement behaviour in-
corporating these effects of resources, such as redistribution ker-
nels (Avgar et al., 2015; Ranc, Cagnacci, & Moorcroft, 2020; Schlägel 
& Lewis, 2014), and integrated resource selection analysis (Avgar 
et al., 2016), with the potential to advance our understanding of the 
mechanisms underlying resource selection by animals.

Ellison et al. (2020) show that the net effect of memory-mediated 
conspecific avoidance lead to the formation of exclusive home ranges, 
that is, little-to-no overlap between neighbouring long-tailed tit flocks. 
This pattern triggers many questions regarding the biological factors 
underlying such spatial segregation, and paves the way for future re-
search on the continuum of space-use patterns between home ranges 
and territories. How important is cue-based conspecific avoidance 
versus memory-based avoidance? In this context, the spatio-temporal 
heterogeneity of food resources is likely to be important factor gov-
erning the exclusivity of space-use. For example, memory-based for-
aging can lead to spatial segregation between individuals in absence 
of conspecific avoidance or active resource defence (Riotte-Lambert 
et al., 2015). Separate biological mechanisms—conspecific avoid-
ance (Ellison et al., 2020) and resource competition (Riotte-Lambert 

F I G U R E  1   Ellison et al. (2020) developed a mechanistic home range analysis (MHRA) to uncover the biological drivers underlying 
space-use patterns in long-tailed tits Aegithalos caudatus (panel a). Panel (b) shows Ellison et al.'s relocations of six neighbouring flocks (dark 
green and light green/brown patches on the aerial image indicate woodland and agricultural areas, respectively). Panel (c) shows Ellison 
et al.'s space-use patterns for each flock as predicted by the best MHRA, which included memory-mediated avoidance of conspecifics and 
attraction to woodland centres
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et al., 2015)—may lead to the formation of exclusive, undefended 
home ranges. Identifying the respective influences of these two 
mechanisms in animal space-use patterns may prove challenging in 
observational studies. In this context, combining MHRA with resource 
manipulation experiments appears a promising avenue to disentan-
gle these mechanisms (Fortier & Tamarin, 1998; Jonsson et al., 2002; 
Krebs, 1971; Ranc, Moorcroft, Hansen, et al., 2020; Ranc, Moorcroft, 
Ossi, & Cagnacci, 2020). A further avenue of research would disen-
tangle the mechanisms of exclusive space-use from those promoting 
active home range defence, that is, the emergence of territoriality. This 
would require extensive work and necessarily include consideration of 
social and mating systems in the formulation of advection and attrac-
tion components of MHRAs.

Thanks to new emerging biologging techniques, researchers are 
now monitoring the movements of an increasing number of spe-
cies, at ever finer spatio-temporal resolutions (Cagnacci et al., 2010; 
Kays et al., 2015). Methodological tools are being developed to take 
advantage of this wealth of data (e.g. Potts et al., 2018). Obtaining 
high-resolution movement datasets for a meaningful duration with 
respect to life span is often challenging when species are difficult to 
tag or are too small (Ossi et al., 2019). In this regard, Ellison et al.'s 
(2020) demonstration that MHRA is able to uncover the biological 
processes governing the space-use of long-tailed tits based on anal-
ysis of a modest-sized dataset of behavioural observations (n = 981 
locations) is encouraging. Furthermore, the authors successfully test 
specific hypotheses pertaining to the role of relatedness and flock 
size in mediating conspecific avoidance (a given flock appears more 
likely to avoid larger and unrelated neighbouring flocks), showcas-
ing the statistical power of MHRA even when the number of ob-
servations is relatively small. We agree with the authors that this 
conclusion would have been unlikely to be reached using traditional 
statistical home range estimators. In spite of the great potential of 
MHRA in providing an analytically tractable model linking animal 
movements and space-use that is amenable to predictions (e.g. 
Moorcroft et al., 2006; Moorcroft & Lewis, 2006) and capable of 
uncovering complex behavioural drivers (Ellison et al., 2020), their 
use is still not widespread. Reducing the mathematical and compu-
tational challenges associated with formulating and fitting MHRA is 
required to make them accessible to a broader research community.

Theoretical analyses have shown that memory-based forag-
ing (Bracis et al., 2015; Riotte-Lambert et al., 2015; Van Moorter 
et al., 2009), and memory-based avoidance of past interactions with 
conspecifics (Potts & Lewis, 2016) can lead to the emergence of home 
ranges. In recent years, empirical evidence of the influence of mem-
ory on animal foraging decisions (Merkle et al., 2014; Ranc, Moorcroft, 
Ossi, & Cagnacci, 2020), and ultimately space-use patterns (Merkle 
et al., 2017; Ranc, Cagnacci, & Moorcroft, 2020) has been accumu-
lating. Ellison et al. (2020) here provide the first empirical support for 
how spatial memory of conspecific interactions influences space-use 
patterns. Future studies should investigate whether similar memory- 
based formulations can be successfully applied to other species, and 
thus assess the generality of memory-based MHRAs to describe the 
formation and maintenance of animal home ranges.
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