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Ecography The ecological niche concept is fundamental to understanding species distributions
but often overlooks the demographic processes shaping said distributions. Conversely,
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environments, limiting our understanding of population dynamics across species
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Editor-in-Chief: Robert D. Holt composed of multiple ‘demographic niches’ corresponding to separate vital rates such
Accepted 13 March 2026 as survival, development, and reproduction. Although Maguire’s perspective failed to

gain prominence — constrained by the demography theory, data, and tools at the time
— it provides a foundation we now expand upon. Here, we formalise the demographic
niche concept (DNC), integrating Maguire’s perspective with recent advances in
niche theory and demography. We review the theoretical foundations of demographic
niches, outline the tenets of the DNC, and define demographic niches (using phenol-
ogy and ontogeny as guiding axes) and their boundaries (in terms of vital rate variation
along environmental gradients). We then introduce a framework for visualising the
arrangement of demographic niches in environmental and geographic space, clarifying
how overlap or divergence shapes persistence across time and space, extinction debts
under global change, or reveal intervention opportunities. We also propose the uni-
modal response hypothesis, predicting that vital rates peak at optimal conditions and
decline toward margins, with deviations revealing additional ecological processes such
as demographic compensation, density dependence, or niche truncation. Throughout
this review, we discuss methods for modelling and integrating demographic niches
and their relevance for addressing global challenges such as climate change. While
data requirements remain non-trivial, this barrier is rapidly shrinking as demographic
datasets grow, process-based models become more accessible, and remote sensing capa-
bilities improve. By advancing the conceptual and methodological foundations of the
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DNC, this review establishes a basis for future empirical research and applications, offering new directions for ecological

theory and conservation amidst a changing world.
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Between niche and demography

Why do species exist in certain areas and not in others
(Sutherland et al. 2013)? In the face of biodiversity loss and
ongoing global changes (Gibson et al. 2013, Maxwell et al.
2016, Pang et al. 2024), understanding the factors driving
species distributions is more urgent than ever. The ecologi-
cal niche concept holds part of the answer and is accord-
ingly central to ecology, evolution, and conservation biology
(Pulliam 2000, Chase and Leibold 2003, Holt 2009, Elith
and Leathwick 2009, Peterson et al. 2011, Guisan et al.
2013). Hutchinson (1957) defined the ecological niche as
an n-dimension hypervolume of environmental conditions
that allow a species to persist, i.e. non-negative population
growth rates. While qualitative (Murray 1866, Schimper
1902, Grinnell 1904) and envelope-style (Cook 1929,
1931) species distribution models (SDMs) existed earlier,
Hutchinson’s framing was foundational to modern interpre-
tations and modelling of niche and distribution (Green 1971,
Vandermeer 1972, Austin 1985, Pulliam 2000, Chase and
Leibold 2003, Soberén and Peterson 2005, Pearman et al.
2008, Colwell and Rangel 2009, Elith and Leathwick 2009,
Holt 2009, Soberén and Nakamura 2009). Today, SDMs are
widely used to understand species—environment relationships,
conduct threat assessments, and inform conservation deci-
sions (Thuiller et al. 2005, Guisan et al. 2013, Peterson et al.
2018), typically relying on occurrence data to estimate the
realised niche — where biotic interactions, abiotic conditions,
and accessibility jointly permit persistence (Soberén and
Peterson 2005, Peterson et al. 2011, Guisan et al. 2017).
Hutchinson’s classical framework, however, does not
mechanistically represent how niches are shaped by demo-
graphic processes — the vital rates of survival, development,
and reproduction — which drive population dynamics. How
vital rates vary across environments is critical to understand-
ing range-wide population dynamics (Crozier and Dwyer
20006, Bykova et al. 2012, Merow et al. 2014a, Ehrlén et al.
2016, Cserg6 et al. 2017). Neglecting key vital rates can
yield predictions that deviate from reality. For example,
Merow et al. (2017) found nearly opposite climate responses
when comparing occurrence-based versus demographic mod-
els, a discrepancy echoed by other studies (Carbeck et al.
2022, Dial et al. 2022, Perez-Navarro et al. 2022). Such dis-
crepancies arise because occurrences do not necessarily reflect
demographic performance, and because different vital rates
can respond oppositely to the same environmental change —
patterns that can also remain hidden in models focusing only
on overall population growth (Fréville and Silvertown 2005,
Caswell 2010, McDonald et al. 2016). These mismatches risks

misinforming threat assessments and conservation planning
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(Zurell et al. 2009, Svenning and Sandel 2013, Peterson et al.
2018, Pagel et al. 2020).

Long before these concerns emerged, Maguire (1973) pro-
posed an explicitly demographic expansion of Hutchinson’s
niche: the niche as composed of multiple demographic
response functions (demographic niches), corresponding
to specific vital rates that collectively determine population
growth (Fig. 1a). Despite Hutchinson (1978) lauding it ‘#he
most important contribution to the concept of the niche since the
death of Robert MacArthuy', Maguire’s perspective remained
largely overlooked, limited by the demographic theory, data,
and modelling tools available at the time (but see Pulliam
2000, Holt 2009, Nenzén et al. 2012, Merow et al. 2014a,
Ehrlén et al. 2016, Pironon et al. 2018). Meanwhile, demo-
graphic theory often focused on temporal variability in vital
rates without explicitly linking them to spatial environmen-
tal gradients (Stearns and Koella 1986, Iles et al. 2019).
Concepts like demographic buffering and lability — how pop-
ulations may maintain (buffering) or vary (lability) vital rates
under environmental stochasticity (Pfister 1998, Santos et al.
2021) — are rarely extended to large-scale environmental gra-
dients (Hilde et al. 2020). We argue that this lack of ecologi-
cal context has hindered further integration of demography
into niche theory. The central gap and defining link between
niche and demography is thus environment-dependent vital
rate variation. Calls to bridge this divide have gone largely
unanswered (Hutchinson 1978, Caughley 1994, Ehrlén et al.
2016). Still, resolving this gap is critical for understanding
range-wide population dynamics and making robust fore-
casts under global change (Merow et al. 2014a, Ehrlén and
Morris 2015, Pagel et al. 2020).

To address this gap, we reframe and formalise the demo-
graphic niche concept (DNC), building on Maguire’s
original perspective while integrating recent advances in
niche theory and demography. We first clarify the theoreti-
cal foundations of the DNC and establish its core tenets,
before exploring how demographic niches and their bound-
aries may be defined. We then introduce a framework for
visualising demographic niches and their arrangement in
environmental and geographic space, including their shifts
under global changes. We also propose a starting hypothesis
on how vital rates vary across environments — the current
frontier of the DNC. Finally, we address key data and meth-
odological challenges in applying the DNC, and explore
other avenues for advancing the DNC. By coalescing and
developing scattered ideas into a cohesive framework, we
provide a clear conceptual foundation for linking demogra-
phy with spatial ecology, laying the path for a more process-
based understanding of range-wide population dynamics in
a changing world.
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Figure 1. The ecological niche viewed through a demographic perspective. (a) The ecological niche (grey) in one (top panel) and two (bot-
tom panel) dimensional environmental spaces, composed of two example demographic niches: a survival niche (red) and a reproduction
niche (green). Vital rate responses for survival (red) and reproduction (green), and the resulting population growth rate log 4 (grey), are
shown along a temperature gradient (top panel), indicating how both vital rates decline from an optimal to reflect the shape and limits of
each (demographic) niche; responses here were adapted from modelled simulations of a hypothetical annual plant with reproduction and
juvenile survival rates responding unimodally to an environmental gradient (Data availability statement). The demographic niche boundary
(dashed lines) indicates where the vital rate falls below the derived threshold, ¢, the minimum vital rate value required to support popula-
tion persistence while the other vital rate was held constant. For visual and conceptual clarity, a simple delineation of ¢ was used here; vital
rate interdependencies among real populations are likely more complicated (see ‘Defining demographic niche boundaries’ below). Demographic
niches therefore encompass the environments in which their vital rate could support persistence (vital rate > ¢), where their overlap is
necessary (but not always sufficient) for persistence (log 4 > 0), i.e. the ecological niche. The population growth rate, 4 (Caswell 2001), is
a dimensionless multiplier representing proportional change in population size per time step. While Hutchinson (1957) and Maguire
(1973) described niches using the Malthusian parameter 7 (the difference between birth and death rates), our formulation relies on 4 and
its component vital rates (e.g. survival, reproduction), which is consistent with contemporary demographic modelling frameworks (Caswell
2001, Merow et al. 2014b). Under conditions of stationary equilibrium (Ebert 1999), log A =r, linking the two perspectives. (b) Abstraction
of populations x, y, and z shown as points in environmental space, each experiencing temporally variable environmental conditions (shown
as lines traversing said space) (top panel). This temporal variation results in fluctuating population growth rates (log 1) over time (middle
panel). Underlying these changes in population growth rates are vital rate responses to those environmental changes over time (bottom
panel), where ¢ denotes the minimum vital rate value required to support population persistence, i.e. the demographic niche boundary.
Note, vital rates in the bottom panel for real species are unlikely to share the same scale, and boundaries ¢ are unlikely to be similar between
vital rates; vital rate variation and boundaries here were simplified for visual and conceptual clarity. Panels in (b) were adapted from Maguire
(1973, pp. 220-221), specifically Fig. 67, with modifications for clarity and generalisation. Vital rates are shown primarily as abstract
examples to provide a visual structure to the conceptualisation of demographic niches.
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Inception of demographic niches
Constituent parts of the demographic niche concept

The niche dimension

Niche theory traditionally conceptualises niches as static
hypervolumes limited by ‘external’ factors (Rangel etal. 2007).
Soberén and Peterson’s (2005) BAM framework identified
(B)iotic interactions, (A)biotic conditions, and (M)ovement
or accessibility as the key constraints on species distributions
— A defines the fundamental niche and BAM together defines
the realised niche (Fig. 2a). Consequently, SDM advance-
ments focused on improving or incorporating various envi-
ronmental variables, such as soil conditions (Hageer et al.
2017, Corlett and Tomlinson 2020), temporally dynamic
climate variables (Lalechére et al. 2025, Pang et al. 2025),
anthropogenic factors (Requena-Mullor et al. 2019), and
light regimes (Nieto-Lugilde et al. 2015, Pang et al. 2025).
Following calls for considering biotic interactions (Aratjo
and Luoto 2007, Wisz et al. 2013, Anderson 2017), joint
SDMs were developed to integrate co-occurrence patterns
(Pollock et al. 2014, Warton et al. 2015b, Ovaskainen et al.
2016), albeit many cautioning against interpreting mod-
elled relationships as true interactions (Godsoe et al. 2017,
Dormann et al. 2018, Peterson et al. 2020, Poggiato et al.
2021; but see Holt 2020a). Others emphasised dispersal
and accessible area constraints (Svenning and Skov 2004,
Barve et al. 2011, Owens et al. 2013, Machado-Stredel et al.
2021), and accounting for dispersal capabilities when pro-
jecting range shifts (Bateman et al. 2013, Zurell 2017,
Zanatta et al. 2020, Pang et al. 2024). Still, standard SDMs
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fail to isolate the demographic processes driving range-wide
population dynamics, obscuring mechanisms and sometimes
misleading conservation planning (Dormann et al. 2012,
Evans et al. 2016, Briscoe et al. 2019, Higgins et al. 2020,
Pagel et al. 2020, Carbeck et al. 2022, Perez-Navarro et al.
2022, Tourinho and Vale 2023, Peng et al. 2024).

The demographic dimension

In contrast to niche theory’s ‘external’ focus, demography
emphasises ‘internal’ processes, particularly how population
growth is driven by multiple vital rates. Life cycle graphs
depict life stages and transitions between stages, including
transition probabilities and reproductive rates — the vital rates
(Fig. 2b) (Caswell 2001). Vital rates are influenced by life-
history strategy (i.e. the resource and energy investments in
various life-history traits such as mode of reproduction and
lifespan, e.g. perennial semelparity) (Stearns 1992, Salguero-
Gémez et al. 2016b, Healy et al. 2019) and functional traits
(i.e. morphological, physiological, or phenological char-
acteristics that affect fitness, sensu Violle et al. 2007, e.g.
specific leaf area) (Adler et al. 2014, Salguero-Gémez et al.
2018, Pistén et al. 2019). These vital rates can be combined
to estimate population growth rates via structured popula-
tion models, such as Life Tables (Boyce 1977) (states are age-
based), Matrix Projection Models (Caswell 2001) (MPMs;
states are age, development, or discretised ranges of size), or
Integral Projection Models (Easterling et al. 2000, Ellner and
Rees 2006) (IPMs; state is continuous, e.g. size). Vital rate
contribution is calculated as the sensitivity (or elasticity when
standardised) of the population growth rate to a small change
— perturbation — in each vital rate (de Kroon et al. 1986,

Reproduction

Adult
recruitment

Figure 2. (a) The BAM concept, adapted from Soberén and Peterson (2005), describes the three factors constraining species distributions
in geographic space: (B)iotic interactions, (A)biotic variables, and (M)ovement or accessibility. Venn overlaps indicate where these factors
operate: (1) the realised niche; (2) suitable but inaccessible; (3) unsuitable because of biotic interactions; (4) unsuitable because of abiotic
conditions; (5) with suitable biotic interactions only; (6) with suitable abiotic conditions only; and (7) accessible but unsuitable. (b) An
example life cycle graph of a plant, depicting the stages of an organism’s life cycle and transitions between stages. Life cycle stages from
seedling to sapling to adult are shown, with transitions highlighting the key vital rates. Beginning first with seedling survival, germination,
sapling survival, development to reproductive maturity, adult survival, and then finally reproduction to produce seedlings; with each vital
rate being coloured differently. (c) The same life cycle graph but with several vital rates related to regeneration — seedling survival, germina-
tion, and sapling survival — being consolidated under one regeneration niche and summarised simply as adult recruitment. Colours here
indicate vital rate contribution to the regeneration (green), adult survival (red), and reproduction (blue) niche; vital rate colours here apply

to Fig. 4.
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Tuljapurkar et al. 2003, Caswell 2005). Demography has
long considered spatial structures — such as in metapopulation
models (Levins 1969, Hanski 1998), source-sink dynamics
(Pulliam 1988, Pulliam and Danielson 1991, Amarasekare
and Nisbet 2001), and the central-peripheral hypothesis
(Brown 1984, Schurr et al. 2012, Pironon et al. 2017) — but it
has rarely examined how interacting vital rates vary explicitly
across environmental gradients to define a species’ niche in a
macroecological sense. Traditional demographic perturbation
approaches often assume static vital rate distributions, fixed
means, variance, and covariance between rates (Tuljapurkar
and Orzack 1980, Caswell 2001, Villellas et al. 2015), over-
looking how environmental changes over space or time might
alter these rates (Doak and Morris 2010, Ehrlén et al. 2016,
Merow et al. 2017). This oversight is particularly important
in the context of climate change, where vital rate distribu-
tions are unlikely to remain static as populations are exposed
to ongoing environmental shifts.

The integration between niche and demography

The ‘external’ versus ‘internal’ distinction of niche and
demography is not absolute. Advances in trait-based SDMs
(Pollock et al. 2012, Warton et al. 2015a, Ovaskainen et al.
2017, Benito Garzén et al. 2019, Chardon et al. 2020), phe-
nology integration (Reed et al. 2010, Bajocco et al. 2021,
Ponti and Sannolo 2023, Peng et al. 2024, Zurell et al.
2024), and mechanistic or process-based SDMs (Crozier and
Dwyer 2006, Morin and Thuiller 2009, Zurell et al. 2009,
Evans et al. 2016, Briscoe et al. 2019, 2023, Pilowsky et al.
2022, Tourinho and Vale 2023, Fenollosa et al. 2025),
demonstrate growing efforts to meld the two. Similarly,
IPMs (and MPMs to a lesser degree; Salguero-Gémez and
De Kroon 2010, Erguler et al. 2022) can incorporate envi-
ronmental variables (Teller et al. 2016, Ehrlén et al. 2016,
Merow et al. 2017, Dial et al. 2022). Dahlgren and Ehrlén
(2009) was the first to include an environmental covariate in
an IPM while Merow et al. (2014a) developed the first full
range model. Additionally, early efforts to quantify vital rate
elasticities across environments have laid the groundwork for
understanding how environmental context influences vital
rates (Aberg et al. 2009, Salguero-Gémez and De Kroon
2010, Von Euler et al. 2014, Aragjo et al. 2014). However, it
is precisely this somewhat arbitrary ‘external’ versus ‘internal’
distinction that highlights the need to amalgamate concepts
of niche and demography: both disciplines are essentially try-
ing to understand the same ecological response — persistence
— but through different perspectives.

Origins of demographically informed niches

Maguire (1973) argued that a species’ niche is defined by
its biological responses to environmental changes. He pro-
posed a dynamic niche, structured by vital rates such as
individual growth, maturation, and reproduction that vary
across environments to collectively define a species’ niche
(Fig. 1a). The key distinction from the Hutchinsonian niche
lies in the inclusion of demographic processes. Conversely,
space distinguishes Maguire’ perspective from traditional

demography. Maguire highlighted how a population’s posi-
tion within environmental (niche) space shifts over time,
driving temporal changes in vital rates (Fig. 1b). Crucially,
Maguire (1973, pp. 219-224) also recognised how popula-
tions of the same species experience different demographic
responses under different environmental contexts, leading to
inter-population variation in vital rates. This heterogeneity
among populations, in turn, feeds back to shape temporal
dynamics within any given population. It is this collec-
tive variation across environmental context and through
time that defines a species’ interaction with its environ-
ment, and thus its ecological niche and geographic distri-
bution (Hutchinson 1978, Colwell and Rangel 2009). This
dynamic perspective does not merely consider vital rate dis-
tributions in tandem with the ecological niche but explores
how vital rate variability itself shapes the niche, integrating
both concepts. Maguire’s innovation was to recognise that
vital rates are intrinsic to the niche itself, not just additional
constraints.

A related but more stage-focused idea emerged slightly
later through Grubb’s (1977) regeneration niche, which
emphasised the environmental conditions supporting germi-
nation, seedling survival, and growth to reproductive maturity
(Fig. 2¢), and its distinction from the survival niche of adult
plants. This distinction aimed to explain species coexistence
and diversity, where spatiotemporal environmental varia-
tion provides different regenerative opportunities that reduce
direct competition. Grubb’s idea seeded multiple offshoots
that emphasised different dimensions of regeneration. Bond
and Midgley’s (2001) persistence niche highlighted post-dis-
turbance survival and resprouting potential over seed-based
regeneration in fire- or herbivory-prone ecosystems. Similarly,
the seedling-recruitment niche, a subset of the regeneration
niche, focused on seedling establishment and is commonly
applied in restoration and seed ecology (Young et al. 2005,
Larson et al. 2023). These frameworks intuitively explain how
different life cycle stages of a species and vital rates together
define a species’ niche and distribution.

This view of demographic niches as distinct components
subtly contrasts Maguire’s perspective of the various vital rates
as constituent parts of a whole niche. Grubb’s work and its
derivatives aligned more with community ecology, explaining
species richness through demographic niche differentiation.
In contrast, Maguire’s work is rooted in Hutchinson’s niche as
a hypervolume in environmental space, but where the niche
is shaped by the variation of multiple vital rates (Ehrlén et al.
2016, Pironon et al. 2018).

While Maguire’s conceptualisation was pioneering
(Hutchinson 1978), it did not gain widespread application,
remaining largely theoretical. In contrast, Grubb’s (1977)
regeneration niche independently highlighted the role of
demographic processes in determining plant distributions,
and has become an important dimension in plant ecology
and regeneration dynamics (Howe and Smallwood 1982,
Denslow 1987, Condit et al. 2006, Grime 20006, Diaz et al.
2016, Larson and Funk 2016). However, the regenera-
tion niche focused on a single phase of a plant’s life cycle,
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capturing only a subset of all the vital rates necessary for a
species to complete its life cycle.

Renewed interest in demographic niches

In recent years, renewed interest in integrating demographic
processes into niche theory has led to important empirical
advances. Merow et al. (2014a) was the first to map vital rate
variation across environmental gradients in geographic space,
with others soon following (Merow et al. 2017, Pagel et al.
2020, Carbeck et al. 2022, Dial et al. 2022). As demo-
graphic data and modelling techniques improve (Dahlgren
and Ehrlén 2009, Metcalf et al. 2013, Merow et al. 2014a,
Salguero-Gémez et al. 2015, 2016a, Teller et al. 2016,
Holden et al. 2021, Levin et al. 2021, Owen 2023), so has the
accessibility of environmentally informed demographic mod-
els (Schurr et al. 2012, Pethybridge et al. 2013, Merow et al.
2014a, Ehrlén et al. 2016). Pironon et al. (2018) furthered
this renewal as the first to explicitly visualise the inner demo-
graphic structures of the niche. These works, along with
others developing demographically-informed range models
(Evans et al. 2016, Briscoe et al. 2019, Higgins et al. 2020,
Heiland et al. 2022, Tourinho and Vale 2023, Ponti and
Sannolo 2023, Peng et al. 2024, Fenollosa et al. 2025), high-
light the need to understand how demographic processes vary
and interact across space and time to shape the ecological
niche.

Despite these advances, a formal, generalised Demographic
Niche Concept remains absent. Such a framework would
help integrate demography into niche theory (Holt 2009,
Pironon et al. 2018), distribution modelling (Merow et al.
2014a, Ehrlén et al. 2016), and macroecological studies
(Ehrlén and Morris 2015, Briscoe et al. 2019, Holt 2020b),
enhancing predictions of species’ responses to environmental
change and offering a more mechanistic basis for understand-
ing distribution dynamics. Our DNC unites and advances
Maguire’s integrative perspective with Grubb’s life cycle stage-
specific insights to create a more comprehensive framework
for understanding species distributions and coexistences.

Formalising the demographic niche concept

The demographic niche concept (DNC) defines the eco-
logical niche as composed of multiple, distinct demographic
niches, each representing a single or set of vital rate(s) and
their responses to environmental variation. Meaning, the
DNC views the ecological niche as the emergent property of
various demographic processes and their responses to envi-
ronmental gradients. This framing highlights the dynamic,
context-dependent nature of vital rates, emphasising how
they shape range-wide population dynamics (Ehrlén et al.
2016, Pironon et al. 2018). The DNC not only explores how
vital rates interact to form the ecological niche (Maguire’s
view) but also identifies distinct, ecologically relevant dem-
ographic niches (Grubb’s perspective). While Hutchinson
(1957) and Maguire (1973) grounded ecological niches in
the Malthusian parameter 7 — the net difference between per

Page 6 of 25

capita birth and death rates — we adopt the discrete-time ana-
logue A, the finite rate of increase. Whereas 7 is a continuous
rate with units (e.g. births minus deaths per individual per
time), 4 is unitless and represents the proportional change in
population size between time steps (Ni+; = AN,). This fram-
ing, widely used in modern demographic models (Caswell
2001), defines persistence simply as log 4 > 0. Terminology
has also shifted, with death rate (4) now more commonly
expressed as survival probability (where 1 — survival = mortal-
ity), further aligning demographic metrics with stage-struc-
tured modelling frameworks.

Four tenets of the demographic niche concept

The DNC differs from traditional niche and demographic
theory, providing a more comprehensive perspective on how
vital rates (co)vary together to shape ecological niches.

Multiple vital rates

The DNC requires examining all vital rates in a species’ life
cycle — minimally, stage-specific survival, reproduction, and
transition probabilities (e.g. growth). In more complex life
cycles, this might include seed banking (Paniw et al. 2018),
migration (Barthold et al. 2016), or clonal reproduction
(Salguero-Gdémez 2018). Indeed, analysing a single vital rate,
or fitness component, is insufficient to determine persistence
or (local) extinction (Caswell 2001, Morris and Doak 2002).
However, if one vital rate consistently dominates population
dynamics across environments — e.g. highest elasticity (de
Kroon et al. 1986, 2000) or informed by life history theory
(Franco and Silvertown 2004) — focusing on it is justifiable
for certain purposes (e.g. adult survival in turtles; Heppell
1998).

Environment-dependent variation

The DNC focuses on how vital rates vary across space and
time in response to environmental changes. Environmental
drivers often affect vital rates unequally — a given gradient
(e.g. temperature) may alter survival without affecting repro-
duction, or vice versa (Rees and Ellner 2009, Merow et al.
2014a, Kunstler et al. 2021). Such rate-specific sensitiv-
ity underlie variation between populations in different
environments and within populations experiencing envi-
ronmental change (Ehrlén et al. 2016, Teller et al. 2016,
Perez-Navarro et al. 2022). The DNC distinguishes these
structured responses from those driven only by environmen-
tal stochasticity (unpredictable changes; Morris and Doak
2004, Tuljapurkar et al. 2009) or regular environmental
fluctuations (year-to-year averages and standard deviations;

Pfister 1998, Rees and Ellner 2009).

Interdependency between rates

Vital rates often covary across environmental gradients to
shape demographic outcomes in complex ways (Doak and
Morris 2010, Iles et al. 2019, Villellas et al. 2021). These
relationships can involve trade-offs (negative correlations,
e.g. reproduction versus survival) or positive covariation,
producing non-additive effects (van Noordwijk and de Jong



1986, Pfister 1998, Morris and Doak 2004, Villellas et al.
2015, Metcalf 2016). The DNC explicitly considers such
interdependencies, which may emerge from physiological
limits, evolutionary history, or shared environmental pres-
sures (Stearns 1992, Jensen 1996, Capdevila et al. 2022),
and can be explored using models that estimate multiple vital
rates jointly (e.g. IPMs; Easterling et al. 2000, Ellner and
Rees 2006, Merow et al. 2014a). Understanding how sur-
vival, reproduction, and other rates vary and interact offers
mechanistic insight beyond summary metrics like A or 7 alone
(Hooper et al. 2008, Holt 2009).

Mechanistic understanding of niches and distributions

The DNC emphasises a process-based perspective, where
environmental conditions drive species distributions through
their effects on vital rates and population dynamics. This
contrasts with correlative SDMs, which typically ignore the
demographic mechanisms that underpin occurrence patterns
(Zurell et al. 2009, Dormann et al. 2012, Schurr et al. 2012,
Briscoe et al. 2019, 2023, Pagel et al. 2020, Lee-Yaw et al.
2022). Process-based models like IPMs (Ellner and Rees
2006, Merow et al. 2014a) and individual- or agent-based
models (Wiegand et al. 1999, DeAngelis and Mooij 2005,
Grimm et al. 2017) represent vital rate-environment rela-
tionships explicitly, providing process-oriented insights into
persistence or decline across environments. Even correlative
approaches can enhance ecological inference when some
aspect of demography is integrated (Dormann et al. 2012,
Pironon et al. 2018, Bajocco et al. 2021, Zurell et al. 2024).

Defining demographic niches

Necessarily bounded

A core ecological principle is that niches are bounded in envi-
ronmental space: population growth rates cannot increase
indefinitely and must become negative beyond certain limits
(Hutchinson 1957). Since vital rates drive population dynam-
ics, their variation must also adhere to this principle (Maguire
1973, Holt 2009). While we cannot always know the exact
shape of a demographic niche (Maguire 1973, Austin 1985,
Blonder etal. 2014, Swanson et al. 2015, Osorio-Olvera et al.
2019, Soberén and Peterson 2020), it is generally bounded —
barring the hypothetical ‘Darwinian demon’ capable of maxi-
mising fitness in all environments. This boundedness anchors
the DNC in both classical and contemporary ecological niche
frameworks and concepts (Hutchinson 1957, Soberén and
Peterson 2005, Austin 2007, Sax et al. 2013, Guisan et al.
2014, Holt 2020b), supporting its relevance for predicting
range dynamics and distributional shifts under global change
(Guisan et al. 2013, Ehrlén and Morris 2015, Briscoe et al.
2019, Carscadden et al. 2020).

Exceptions to being bounded

However, exceptions exist, and knowing when they occur
informs when this assumption of boundedness must be care-
tully considered. Maguire (1973) described two cases, which

we develop.

Indifference to an environmental limit

Some species are indifferent to the absence or maximum
limit of certain environmental factors, creating an apparently
unbounded (demographic) niche along that axis — though
it remains constrained by the environmental variable’s natu-
ral limit(s). For instance, while toxins like mercury decrease
survival, species are indifferent to its absence (Maguire 1973,
p. 218). Even for temperature, where vital rates are ‘surely’
zero at its lower bound (absolute zero), tardigrades can sur-
vive, albeit in an anhydrobiotic state with other vital rates
halted (i.e. log 4 < 0) (Persson et al. 2011). Typically, indif-
ference occurs along toxin gradients and is especially relevant
for tolerance-related rates like survival, or development in
indeterminate-growth species.

Functional ceiling (or the infinite nuts conundrum)

Maguire (1973, p. 219) illustrated a key edge case of niche
limits with squirrels along a nut resource gradient: as nuts
increase, demographic performance (4) rises, but eventually
plateaus — further increases in nuts yield no demographic
gains. Though the gradient could extend indefinitely, the
population’s response does not, creating the appearance of
an unbounded (demographic) niche. Unlike indifference,
unboundedness here stems from biological limits. For exam-
ple, physiological ceilings, such as limited time (Poole et al.
2007) or processing capacity (Farquhar et al. 1980), akin
to Holling’s type II functional response (Holling 1959).
Alternatively, resource co-limitation under Liebig’s law of the
minimum (Sprengel 1827, Liebig 1840), where another fac-
tor limits demographic performance despite increases in the

focal resource (Harpole et al. 2011).

Identifying key environmental axes

These exceptions raise an important question: which envi-
ronmental gradients most strongly shape vital rates and
demographic niches, and are thereby most critical for under-
standing range-wide population dynamics and their shifts
under environmental changes? A potential solution comes
from Merow et al. (2014a); they explored how environmen-
tal perturbations influence vital rates and, in turn, popu-
lation growth, thereby uncovering which environmental
changes most impact population dynamics. Extending this
‘environment-based sensitivity analysis’ to an elasticity frame-
work — measuring the proportional effect of changes in spe-
cific environmental variables on population growth — offers
a systematic way to assess population vulnerability to specific
environmental changes.

Phenology and ontogeny as key axes

How demographic niches are defined carries significant
implications for modelling population dynamics and inter-
preting environmental constraints. Phenology and ontog-
eny are crucial for identifying which vital rates at which life
cycle stage constitute distinct and ecologically meaningful
demographic niches (Post 2019, Carscadden et al. 2020,
Heiland et al. 2022, Ponti and Sannolo 2023, Zurell et al.
2024).
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Phenology identifies transitions between life cycle stages
that often depend on specific environmental cues or driv-
ers unique to that transition (Post 2019). For example,
many marine and migratory animals use separate, season-
ally defined habitats for feeding and reproduction, resulting
in phenologically distinct demographic niches (Smith and
Stirling 1975, Zanden et al. 2013). In plants, masting — epi-
sodic, synchronised reproduction — also illustrates phenologi-
cal niche differentiation (Ashton et al. 1988, Kelly and Sork
2002, Pearse et al. 2020), often with clear environmental trig-
gers (Espelta et al. 2008, Koenig et al. 2016, Vacchiano et al.
2017, Numata et al. 2022). Disturbance events such as tree
fall (Kobe 1999, Wright et al. 2003, Kitajima and Poorter
2008) or fire (Higgins et al. 2000, Méiren and Vandvik 2009)
can likewise create phenological windows that enable or trig-
ger transitions such as rapid growth or recruitment.

Ontogeny, by contrast, describes how demographic pro-
cesses vary across developmental stages, and how environ-
mental drivers affect vital rates differently among stages
(Werner and Gilliam 1984, Carscadden et al. 2020). Grubb’s
(1977) distinction between regeneration and adult survival
niches reflected this idea, noting that the environmental fac-
tors driving seedling and sapling survival differed from their
adult counterparts, often operating also at different tempo-
ral scales (Poorter 2007, Anderegg et al. 2013, Heiland et al.
2022). Ontogenetic niche shifts may arise also from stage-
specific environmental requirements or shifts in diet and
the environmental conditions required to support said diet
(Olson 1996, Pennekamp et al. 2013).

Phenology therefore emphasises time-dependent environ-
mental windows for key transitions, while ontogeny highlights
stage-specific demographic constraints across environmental
gradients. These axes are complementary: phenology defines
when and where transitions occur; ontogeny informs which
stages are most sensitive to which environmental factors.

What constitutes a demographic niche thus varies with
species’ life history and ecological context. In trees, the
regeneration niche typically spans seed germination, seedling
survival, and growth to reproductive maturity — sometimes
approximated by recruitment above a size threshold (e.g. > 10
cm DBH) (Grubb 1977, Kunstler et al. 2021). More detailed
studies may define separate demographic niches for size-
structured survival, growth, fecundity, fruit production, and
seedling survival rates (Doak and Morris 2010, Merow et al.
2014b). Ideally, each vital rate with distinct environmental
dependencies should form its own demographic niche. In
practice, however, definitions often reflect trade-offs between
biological relevance, data availability, and model complexity.
Researchers must balance the granularity of niche definitions
with life history knowledge and the ability to isolate indepen-
dent demographic processes.

Defining demographic niche boundaries
Conceptually

Defining the boundaries of the demographic niche has concep-
tual and methodological implications. Conceptually, we meld
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Maguire’s described vital rate boundaries with Hutchinson’s
niche definition, linking both through demography. Maguire
(1973) identified survival boundaries in environmental space
as the point beyond which ‘survival continues for less than
any ecologically meaningful interval’ (Fig. 3a-b). Building
on Hutchinson’s (1957) definition of the niche — the set of
environments where population growth is non-negative —
we construe ‘an ecologically meaningful interval’ as having
the capacity to maintain population persistence (log 41 > 0)
(Fig. 3¢). Drawing from this, the demographic niche bound-
ary may thus be defined as the limits of a given vital rate(s) for
which it could support persistence (Fig. 1a).

Yet, a vital rate’s capacity to maintain persistence depends
on other rates. Development, reproduction, and recruit-
ment, interact with survival along ontogeny via trade-offs
that collectively determine population dynamics (Stearns
1992) (Fig. 3d—¢). However, trade-offs may not always be evi-
dent in nature (Tavecchia et al. 2005, Herfindal et al. 2015,
Paniw etal. 2019); positive covariations can emerge along envi-
ronmental gradients, particularly when variation in resource
acquisition obscures allocation trade-offs (van Noordwijk and
de Jong 1986, Metcalf 2016) (Fig. 3d). Recognising both
trade-offs and positive covariation is crucial, as boundaries
must ultimately reflect realistic rate combinations (Fig. 3d).
A straightforward approach to defining the boundary of a
given demographic niche is to hold all other vital rates con-
stant, typically at their highest value (as done in Fig. 1a).
Doing so, however, ignores vital rate covariation and intro-
duces overestimations. For example, assuming unrealistically
high reproduction (Fig. 3¢) can artificially widen the survival
niche (Fig. 3f), making lower survival rates appear sufficient
for supporting persistence when it only does so under those
exaggerated reproduction rates. We thus add a qualifier, defin-
ing the demographic niche boundary as the limits of a given
vital rate(s) for which it could support persistence, given realis-
tic combinations of other vital rates. The demographic niche is
then the set of environmental conditions that allow the given
vital rate(s) to exist above that derived limit (Fig. 1a, 3f).

Maguire also acknowledged additional boundaries: a sec-
ondary, wider survival rate boundary for especially tolerant
life-cycle stages (Fig. 3a—b) — e.g. seed banks awaiting fire
(Méren and Vandvik 2009) or tardigrades in an anhydrobi-
otic state (Persson et al. 2011). These do not conflict with
our primary definition as Maguire did not consider ontogeny,
and survival should be treated stage-specifically (Boyce 1977,
Ellner and Rees 2006). When defining boundaries, what con-
stitutes the demographic niche itself bears equal importance.

Importantly, how the boundaries of the demographic
niche are defined also shapes how their overlaps are inter-
preted. When boundaries are estimated by holding other
vital rates constant, demographic niches are overestimated.
Consequently, the overlap between demographic niches then
does not strictly correspond to the ecological niche (where
log 2 > 0), because the combined space captured would
exceed the set of environments that truly permit persis-
tence (as shown in Fig. la). Accounting for more realistic
vital rate combinations can reduce this overestimation, but
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space following Maguire (1973), where S, (red dashed line; red tree icon) marks the limit where ‘survival continues for less than any ecologi-
cally meaningful interval’, i.e. the survival niche boundary. A secondary tolerance boundary (7; purple dashed line; purple acorn icon)
reflects an especially tolerant life cycle stage (e.g. seed stage). (b) Example mapping of adult survival (red dashed line) and masting (green
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(8,05 dashed) range of survival rate (S) values, such that where masting occurs, log 4 > 0 is true for all values of S. (i) Population growth
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niche, where only S is known. Occ is the lowest value of S for which occurrences are observed, obtained by mapping independent occur-
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s orange), Occg here is greater than ¢, the true lowest value of S for which log 4 < 0, where the survival niche is underestimated. Here,
populations where S > Occ; have the capacity to maintain log 4 > Occ,.
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overlaps are still unlikely to precisely delineate the ecologi-  (Fig. 1a) — as originally envisaged by Maguire (1973) — since
cal niche, particularly as the dimensionality and complexity  these responses capture both the shape and limits of demo-
of environmental space increase. This difficulty with overlaps  graphic variation that underlie persistence. Nevertheless, we
precisely delineating the niche reflects the fact that persis-  argue that examining the boundaries of the demographic
tence emerges from nonlinear interactions among multiple  niche remains informative: overlap among demographic
vital rates (Maguire 1973, Ehrlén et al. 2016, Pironon et al.  niches is required for persistence, even if it is not a sufficient
2018), such that boundaries here represent marginal con-  condition. As such, boundaries provide a useful and tractable
straints rather than the full joint conditions required for log 4 framework for identifying which demographic components
> 0. Our overarching emphasis thus remains the full demo-  constrain persistence, analogous to Grubb’s (1977) regenera-
graphic response function (Fig. 4a) and their interactions  tion niche.
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Figure 4. Visualisation of three demographic niches as defined by and coloured to match the life cycle graph in Fig. 2c. (a) The response
surfaces of the Regeneration (left panel), Adult Survival (centre panel), and Reproduction (right panel) niche in separate, distinct environ-
mental spaces (particularly the regeneration niche). Isopleths (lines of the same value) indicate vital rate variation within each demographic
niche. (b) The arrangement of demographic niches in shared environmental space, as derived from a principal component analysis.
Demographic niches in a hypothetical arrangement (left panel), with the regeneration niche diverging (centre panel), and with the regenera-
tion and reproduction niche diverging and without any overlap (right panel). (c) The arrangement of demographic niches in geographic
space, as demographic distributions, along some shared, determined spatial and temporal resolution of environmental conditions across said
geographic space. Demographic distributions in a hypothetical arrangement (left panel), with a concentric arrangement (centre panel), with
diverging demographic distributions (right panel). Panel right shows the sporadic occurrence of regeneration-suitable spots owing to local
variability in environmental conditions (e.g. disturbance-driven changes in light availability), and reproduction for a given time step due to
inter-annual variation in temperature and precipitation seasonality with arrows indicating the dispersal of seedlings into regeneration-suit-
able sites. (b—c) Venn overlaps indicate the suitability of each demographic niche/distribution: (1) where all life cycle stages are supported;
(2) adult survival is limiting; (3) where remnant populations can reproduce but not regenerate; (4) where reproduction does not occur but
populations may persist by relying on the dispersal/immigration of seeds/young; (5) where only regeneration may occur; (6) where only
reproduction may occur; (7) where remnant populations survive but cannot reproduce or regenerate.
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Methodologically

Estimating demographic niche boundaries means calculating
the limits at which a focal vital rate could maintain persis-
tence (log A > 0) under realistic combinations of other rates.
Here, we describe estimation within an IPM framework
(Easterling et al. 2000), but our approach applies to other
population models as well, including life tables (Boyce 1977)
and matrix population models (Caswell 2001).

First, calculate the deterministic A across realistic com-
binations of vital rates — deriving A for multiple parameter
combinations from the IPM while preserving observed corre-
lations among rates (e.g. survival, growth, and reproduction).
This step is akin to generating a posterior predictive distribu-
tion from a Bayesian model (Ellison 2004), where all possible
parameter combinations are explored to simulate a range of
population dynamics. The boundary of the focal vital rate
(e.g. survival) is then the limits of its marginal distribution
for which persistence is supported. Crucially, boundaries are
context dependent — e.g. an adult survival niche boundary of
0.2 does not imply persistence for any population with adult
survival = 0.2; rather, persistence is possible at 0.2 given real-
istic combinations of other vital rates.

Direct observations of all rates are often unavailable. In
such cases, inferred relationships among rates (e.g. via envi-
ronmental covariates or population-level data) can be used,
as demonstrated by Merow et al. (2014a) and Bernard et al.
(2024) using an IPM. Although inferred relationships could
allow for some unrealistic rate combinations, they still yield
boundaries that are more mechanistic and biologically
informed than those ignoring rate interdependencies alto-
gether. For example, fixing non-focal vital rates at values that
maximise log A simplifies estimation but will almost certainly
both include unrealistic and excluded realistic vital rate com-
binations. Moreover, resultant boundary estimates deviate
from our formal definition because they no longer reflect
the interdependencies among vital rates. Accounting for cor-
relations remains crucial for more mechanistic and realistic
assessments of demographic viability across landscapes.

Pragmatically

Our formal definition is grounded in demographic theory
and data. However, applying this rigorous definition requires
complete demographic information across vital rates and life
stages — a requirement rarely met in practice. Certain vital
rates, particularly those associated with early life stages (e.g.
juvenile survival) or sporadic phenological events (e.g. tree
masting), are difficult to observe. These challenges motivate
pragmatic approximations using incomplete or simplified
demographic data and models that still adhere to DNC’s
tenets.

When comprehensive demographic data are unavailable,
practitioners may focus on key vital rates as proxies for per-
sistence. For example, masting — an episodic, synchronised
reproductive event common to many southeast Asian tropi-
cal trees species — can signal viability (Ashton et al. 1988,
Numata et al. 2003, Pearse et al. 2020, 2021) (Fig. 3b).
Assumptions about rate interdependencies can then be made:

1) seed output following masting is assumed to be sufficient
to maintain population persistence (Fig. 3g); 2) in long-lived
trees, adult survival is high enough that adult presence indi-
cates a viable survival rate for that environment (Fig. 3h).
Hence, masting presence or presence-absence can be mod-
elled using SDM approaches to delineate the masting niche
(Bajocco et al. 2021) (Fig. 3b), capturing conditions where
masting occurs under assumingly realistic combinations of
seed output and adult survival (Fig. 3b, i). Additionally, fol-
lowing assumption (2), independent occurrence data may
be mapped against environmentally-informed projections of
adult survival rates to estimate adult survival niche bound-
aries via SDM thresholding approaches (e.g. 95% of occur-
rences; Liu et al. 2016, Osorio-Olvera et al. 2019) (Fig. 3b, j).

Although 4 across the full space of vital rate combinations
remains unobtainable, focusing on one or several key rates
— such as masting and adult survival — can still provide demo-
graphic insights across environments. Certainly, the set of
rate combinations for which log 4 > 0 may not be explicitly
calculated, but it can be inferred when populations fall within
the observed masting and adult survival niche (Fig. 3b).
Consequently, this vital rate thresholding approach allows for
the approximation of demographic niche boundaries even in
the absence of complete demographic data. This pragmatic
approach, however, is not without caveats. Estimating the
boundaries of one vital rate (e.g. masting) without direct
knowledge of other rates (e.g. seed output) or the complete
absence of other rates (e.g. recruitment) will lead to some
overestimations (Fig. 3i, j). Assumptions about realistic rate
combinations therefore require careful consideration of how
interdependencies may influence population dynamics and
should be clearly stated and justified.

Additionally, empirical demographic data are typically
collected from persisting populations, meaning that observed
vital rate variation is somewhat conditional on being within
the ecological niche (log 4 > 0). Consequently, portions of
demographic niche space associated with non-persistence
are undersampled or entirely unobservable. Estimating
demographic niche boundaries therefore necessarily involves
extrapolating beyond observed combinations of vital rates,
guided by theory, model structure, and inferred rate interde-
pendencies (Stearns 1992, Jensen 1996, Merow et al. 2014a,
Capdevila et al. 2022). This conditionality does not under-
mine demographic niche inference, but it does emphasise the
need to interpret boundaries as inferred limits rather than
directly observed thresholds. Experimental data, such as
transplant or green-house experiments, are particularly valu-
able for exploring demographic niche spaces of non-persis-
tence (Sax et al. 2013, Villellas et al. 2021).

Applying the demographic niche concept

Arrangement of demographic niches and distributions

A key novelty of the DNC is the opportunity to examine how
demographic niches are arranged in environment and geo-
graphic space. Visualising the relative positioning, breadths,
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and overlaps among demographic niches can elucidate how
they interact, how those interactions vary across space and
time, and how they change under global change (Maguire
1973, Pironon et al. 2018). Such arrangements provide an
intuitive way to identify vital rate-specific drivers of popu-
lation dynamics, particularly in geographic space, such as
range-edge processes or source—sink dynamics (Ehrlén et al.
2016, Teller et al. 2016, Merow et al. 2017, Dial et al. 2022).
While ecological niches are defined in environmental space,
their geographic counterpart — i.e. Hutchinson’s duality, the
reciprocal correspondence between environmental and geo-
graphic space (Hutchinson 1978, Colwell and Rangel 2009)
— underpins the utility of SDMs (Soberén and Peterson
2005, Elith and Leathwick 2009, Guisan et al. 2013).

We present a framework for visualising the DNC in ecol-
ogy, evolution, and conservation by borrowing concepts
from niche and demographic theory (Maguire 1973, Caswell
2001, Soberén and Peterson 2005). The BAM framework
helps identify how vital rates are constrained by (B)iotic
interactions (e.g. pollinator for reproduction), (A)biotic con-
ditions (e.g. soil conditions for saplings), or (M)ovement or
accessibility (e.g. isolation of nesting sites) across geographic
space (Fig. 2a). A life cycle graph, in turn, pinpoints relevant
life-cycle stage(s) and vital rates — be it a single (e.g. adult
survival) or set of rates (e.g. Grubb’s regeneration niche)
(Fig. 2b—c) — that define demographic niches along environ-
mental axes (Fig. 4a). Variation in these rates can be repre-
sented as isopleths — lines of equal value — within niche space

(Fig. 4a) (Maguire 1973).

Visualising niches and distributions
Demographic niches can be represented in shared envi-
ronmental space (Pironon et al. 2018, Pagel et al. 2020),
for example using dimensional reduction (Fig. 4b). These
visualisations isolate the breadth of environments required
to complete different life cycle stages. Non-overlaps indi-
cate environments where stages are unsupported, with dif-
fering implications depending on species’ mobility. Mobile
or migratory species can traverse these gaps geographically
(Smith and Stirling 1975, Zanden et al. 2013), emphasis-
ing (seasonal) migrations (Fig. 5a) (Zurell 2017, Post 2019,
Carbeck et al. 2022). Comparatively, sessile species depend
on overlapping or proximate environmental conditions to
complete their life cycle (Fig. 4b), but some span gaps by
sustaining one vital rate through time to enable another
(Fig. 5a) (Ellner and Rees 2006, Lambers and Oliveira 2019,
Post 2019, Carscadden et al. 2020). Fire-adapted seeds in
the Mediterranean may persist in seed banks until post-fire
germination (Pausas and Keeley 2014), while tropical sap-
lings can remain in a stagnant growth stage until a canopy
disturbance allows growth (Kobe 1999, Wright et al. 2003).
In such cases, individuals effectively ‘move’ through environ-
mental space via disturbance-driven changes.

Alternatively, or complementarily, demographic niches
can be projected onto geographic space as demographic
distributions (Merow et al. 2014a) (Fig. 4c), illustrating

how demographic processes manifest across landscapes.
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Non-overlapping demographic distributions identify which
vital rate(s) drive local declines, offering insight into spatially
explicit, vital rate-driven, source-sink dynamics (Merow et al.
2014a, 2017, Carbeck et al. 2022, Dial et al. 2022), which
is useful for threat assessments and management planning
(Sax et al. 2013). For instance, climate change may shift
the reproduction niche distribution, leaving populations in
survival-only areas (Fig. 5b), where long-lived species may
persist as remnant populations, creating extinction debts
often overlooked by SDMs (Dormann 2007, Dullinger et al.
2012, Svenning and Sandel 2013, Carlson et al. 2013; but see
Rumpf et al. 2019, Lalechere et al. 2025, Pang et al. 2025).
Concurrently, areas currently supporting only survival but
projected to support reproduction could be flagged for inter-
ventions such as assisted migration (Iverson and McKenzie
2013).

When populations cross demographic niche boundaries in
environment or geographic space (Fig. 4) and transition from
persistence to decline, a key diagnostic question is which vital
rate(s) drive this shift. In structured populations, this attri-
bution problem aligns naturally with retrospective life table
response experiments (LTREs), which decompose differences
in population growth into contributions from individual life
cycle stages and their underlying vital rates (Caswell 2010,
Herndndez et al. 2023). When coupled with environmentally
informed demographic models (e.g. IPMs), LTREs can also
partition those contributions among environmental drivers
to reveal through which vital rates drivers act most strongly.
LTRE-style analyses therefore provide a way to attribute
boundary crossings and to link spatial or environmental tran-
sitions directly to demographic processes within the DNC.

Stitching of demographic niches
A key follow-up then is to focus on the more dynamic per-
spective: considering how populations connect disjunct
demographic niches and distributions across space and time
(Zurell et al. 2009, Zurell 2017, Post 2019, Pagel et al. 2020)
(Fig. 5a-b). Temporal projections reveal how environmental
fluctuations influence critical life cycle stages — for exam-
ple, spatiotemporal variation in masting or gap-dependent
recruitment (Brokaw 1985, Numata et al. 2003, Wright et al.
2003, Espelta et al. 2008, Bajocco et al. 2021, Foest et al.
2025). Tracking demographic distributions over fine (e.g.
seasonal), inter-annual (e.g. El Nifio-Southern Oscillation),
or longer (e.g. climate change) timescales can also reveal tran-
sient dynamics that govern long-term persistence (Ezard et al.
2010, Svenning and Sandel 2013, Yackulic et al. 2015,
Chapman et al. 2017, Bauman et al. 2022, Dial et al. 2022,
Chisholm et al. 2024, Anujan et al. 2026). Temporal projec-
tions therefore help visualise how individuals or populations
move across spaces to access various demographic niches —
whether by physically migrating or via especially tolerant life
stages — paralleling ideas on the phenological niche (sensu
Post 2019).

Analogously, dispersal — including rare stochastic long-
distance dispersal (Willner et al. 2023) — can drive large-
scale range dynamics and critically shape both near-future



Shared space

—
Q
'

-——

Q -
,J:}C% «~ // N\
5 8 % , A‘/\\
2o % / o =
ER= NS 1 (=== I35

= ~ &
- o] ~ PR o N / 2
g 2l /T e y
S 8 dlr J
- I

”
5 N ="

Adult Survival Reproduction

Precipitation seasonality

Env. PC-axis 1

Temporally dynamic shifts

—
O
'

— iy

Shifting

Max temperature Temperature seasonality

Climate change shift

- =~ ) Refugia
- P S - = :/ over time Current ¢ i‘% Future
) 4 r \ \r --" .y }/
d% c% 4 . \ e -7 N
= g { -< ’ , AN
= a1 \ ol [ ‘ \
o = T \ g / ]
g Z| \ 2l \ Y
=l =1 R 1 1 g < ~ > //
"5 av] ) \ /7 / — ~ = -~
= 3 \ Survival - -
BT \ o g g /7 .
-é @) N \dlStrlbuthIl _ “Regeneration Remnant Intervention
S - distribution populations opportunities
Longitude Longitude

Figure 5. Visualisation of how populations experience environmental changes through their movement through, or the movement of,
demographic niches. We focus on two example demographic niches for each space. We illustrate (a) individual or population movement
through environmental space, and (b) demographic distribution shifts in geographic space. This distinction reflects that individuals more
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projections (Svenning and Sandel 2013, Zurell 2017,
Pagel et al. 2020) and longer-term modelling (Svenning
and Skov 2004, Qiao et al. 2016). Under global change,
the suitability of areas supporting particular vital rates shift
geographically (Fig. 5b), while populations move across envi-
ronmental space and the corresponding isopleths of vital
rate variation (Fig. 5a). In both space and time, persistence
depends on how organisms traverse or stitch together disjunct
demographic niches. This echoes Holt’s (2009) ‘stitching the
niche’ — the realised niche as stitched from a patchwork of
suitable conditions at the metapopulation scale — but our
framework focuses on individuals and populations. Both
perspectives underscore the inherently dynamic assembly

of realised niches in equally dynamic environments, though
they emphasise different scales and mechanisms.

Further applications

Explicitly mapping demographic niches offers more than
descriptive insight — it provides a flexible, theory-driven
scaffold for ecological forecasting and evolutionary infer-
ence. By separating vital rate-specific constraints across space
and time, the framework helps disentangle the demographic
mechanisms behind source-sink dynamics (Merow et al.
2017, Dial et al. 2022), extinction and colonisation lags
(Svenning and Sandel 2013, Alexander et al. 2018), and
range-edge limitations (Teller et al. 2016, Kunstler et al.
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2021). Crucially, it shifts forecasting from relying solely on
occurrence-environment correlations — or even population
models that treat 4 as the single response variable — toward
process-explicit diagnosis, identifying which life stages or
vital rates limit persistence under environmental change, and
where stage-specific interventions (e.g. assisted regeneration
or protection of reproductive sites) might be most effective.
Forecasting must encompass all demographic niches contrib-
uting to 4, since persistence depends on their joint perfor-
mance; focusing on one or two rates may suffice only for trait
or life-history questions.

Relatedly, the arrangement of demographic niches invites
deeper evolutionary questions on how life-history traits
shape arrangements and species’ vulnerability to climate
change (Pagel et al. 2020, Villellas et al. 2021, Buckley and
Puy 2022). For example, how demographic trade-offs drive
niche divergence or specialisation (Doak and Morris 2010,
Villellas et al. 2015, Carscadden et al. 2020), how natural
selection acts on stage-specific responses across heterogeneous
landscapes (Stearns and Koella 1986, Sexton et al. 2009,
Coulson et al. 2011, Liu et al. 2020, Carley et al. 2025), or
more fundamentally, why divergent demographic niches arise
at all (Grubb 1977, Condit et al. 2006, Doak and Morris
2010). While the DNC is not in itself an evolutionary frame-
work, it opens new pathways for testing evolutionary hypoth-
eses about (demographic) niche structure and persistence in
changing environments.

A fundamental hypothesis on vital rate variation

Unimodal response to environmental changes

Understanding how vital rates vary across environmental gra-
dients is central to advancing the DNC. While previous work
has largely focused on temporal variation within populations,
the DNC emphasises how vital rates differ across popula-
tions in different environments, highlighting a critical gap
in understanding and predicting population dynamics and
species distributions (Merow et al. 2014b, Ehrlén et al. 2016,
Buckley and Puy 2022, Carley et al. 2025).

We hypothesise that vital rates generally follow a unimodal
response (concave) to environmental gradients (Fig. 6a). A
unimodal curve, as a biological response, is often considered
realistic, and underpins many recommendations for SDM
parameterisation (Austin 2007, Merow et al. 2013, Drake
2015, Morales et al. 2017, Guevara et al. 2018, Citores et al.
2020). This unimodal expectation also parallels the abundant-
centre hypothesis — the decline in abundance or demographic
performance with increasing distance from an optimal cen-
tre, i.e. unimodal (Brown 1984). Despite challenges to the
abundant-centre hypothesis in geographic space (Sagarin and
Gaines 2002, Sexton et al. 2009, Pironon et al. 2015, 2017,
Ten Caten and Dallas 2025), there is increasing support for it
in environmental space (Yafiez-Arenas et al. 2012, Martinez-
Meyer et al. 2013, Weber et al. 2017, Osorio-Olvera et al.
2020, Broennimann et al. 2021, Perez-Navarro et al. 2022;
but see Pironon et al. 2015, Dallas et al. 2017, Santini et al.
2019, Chevalier et al. 2021).
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Figure 6. A visual representation of the hypothesised way in which
vital rates may vary along an environmental gradient. (a) Vital rates
follow a unimodal response, forming a concave response curve. A
single vital rate determines the lower and upper boundaries of a
hypothetical demographic niche along an environmental gradient.
The unimodal response may peak at one singular most suitable
environment and decline gradually from this peak (left) or follow
other response types (right). (b) Vital rates follow a monotonic
function but covary against another vital rate due to demographic
compensation, forming a negatively correlated response to an envi-
ronmental gradient. The two covarying vital rates combine to deter-
mine the lower and upper limit of a hypothetical demographic
niche along an environmental gradient, where they together com-
prise the unimodal response, i.e. contribution to population growth
rate. The monotonic function may be linear (left) or non-linear fol-
lowing other response types (right).

At apparent odds with this unimodal expectation is that
vital rates increase with increasing distance from a supposed
optimal centre (Chapin IIT and Shaver 1996, Arft et al. 1999)
or vary monotonically (e.g. linearly) along environmental
gradients (Fig. 6b). Such observations may be considered
unrealistic, as a given vital rate cannot increase indefinitely
or remain high nearing the margins of the ecological niche,
all else being equal. Hence, studies have suggested demo-
graphic compensation to explain this opposing phenome-
non, whereby the change in one vital rate are compensated by
the opposite change in another vital rate (Doak and Morris
2010, Villellas et al. 2015, Sheth and Angert 2018). We thus
relax our hypothesis such that the unimodal response may
comprise a set of these negatively covarying vital rates. For
example, seedling production and recruitment success may
covary negatively, together forming a reproduction niche that
still produces an overall unimodal response despite their indi-
vidual monotonically changing rate.

Deviation from a unimodal response

The unimodal hypothesis provides a useful baseline for the-
ory and modelling, but real-world observations often deviate
(Pironon et al. 2015, Simon and Amarasekare 2024). While
a theoretical optima may exist, real populations may instead
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exhibit a ‘rugged landscape’ of multimodal responses due to
complex interactions with other biological factors (Laughlin
2018). Rather than undermining the framework, such devia-
tions can illuminate additional ecological and evolutionary
processes that shape range-wide population dynamics.

Density-dependent effects

Vital rates may depart from unimodality due to Allee effects
at low densities and negative density dependence at high den-
sities (Stephens et al. 1999, Holden et al. 2021). Allee effects
can suppress vital rates when populations are too sparse to
allow effective reproduction or social interactions (Fig. 7a)

(Lande 1998, Courchamp et al. 1999, Holt 2020b), while

high densities may reduce vital rates via increased competition
for resources (Buckley et al. 2001) or pathogen risk (Janzen
1970, Connell 1971). Holt (2009) further noted the poten-
tial for organisms to both construct (Odling-Smee et al. 2003)
and destroy their own niches (Klein 1968) at varying densi-
ties, mirroring the impact niche (how an organism impacts its
environment) described by Chase and Leibold (2003). This
dynamic was also illustrated by Maguire (1973, p. 222-224),
who described how alga can deplete nutrients from the sys-
tem until persistence is no longer possible. These effects can
skew, flatten, or even create bimodal responses, particularly in
transient zones with fluctuating densities such as range edges,
colonisation fronts, or under dynamic contexts like biological
invasions and climate change (Barraquand and Yoccoz 2013,
Pironon et al. 2015, Dial et al. 2022, Fenollosa et al. 2025).

Demographic niche truncation
Even if vital rate responses are inherently unimodal, avail-
able or observable data may capture only part of that curve
(Fig. 7b) (Bush et al. 2018, Peterson et al. 2018, Guisan et al.
2025). Such truncation of the demographic niche may arise
from distributional disequilibrium (Svenning and Skov 2004,
Rumpf et al. 2019, Willner et al. 2023, Pang et al. 2025),
anthropogenic range contractions (Faurby and Aradjo 2018,
Rutrough et al. 2019, Pang et al. 2022), or biogeographical
or dispersal limitations (Saupe et al. 2012, Bush et al. 2018,
Chevalier et al. 2024); or more fundamentally, simply because
vital rates are typically measured in persisting populations,
where vital rates in environments associated with non-persis-
tence are more difficult to observe and obtain. Asymmetrical
responses (Hooper et al. 2008, Angilletta 2009, Amarasekare
and Savage 2012) exacerbate the problem as missing data at
the steep end makes accurate extrapolation of the full response
near impossible without addition information. Truncated
responses therefore risks painting an incomplete or mislead-
ing picture of the true pattern of vital rate variation.
Recognising these complications underscores the value
of identifying where unimodal responses consistently hold:
as benchmarks for interpreting deviations. For instance,
invasive species may show unimodal patterns more often
because of reduced biotic constraints (e.g. enemy release;
Keane and Crawley 2002). Similarly, unimodality may apply
most consistently to the dominant vital rate driving 4, as
informed by life-history theory (Stearns 1992, Jensen 1996,
Capdevila et al. 2022). Moreover, truncations may suggest
hidden demographic responses that could become expressed
under novel conditions, such as climate change (Bush et al.
2018, Chevalier et al. 2024). Thus, deviations from unimo-
dality should be interpreted as informative signals of how
real-world demography interacts with ecological and evolu-
tionary context.

The road ahead

The demographic niche concept offers a powerful refram-
ing of ecological niche theory — one grounded in both
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environmental associations and the mechanistic underpin-
nings of species persistence. Emerging from Maguire’s (1973)
idea of ‘biological responses’, the DNC expands beyond occu-
pancy to capture how organisms survive, grow, and reproduce
across environmental space. Yet, like Maguire, our vision for
the DNC is far broader. We imagine a multi-faceted niche
structured by a constellation of biological responses including
physiological rates (e.g. respiration and photosynthetic rates;
Barker et al. 1997, Anthony and Connolly 2004), behav-
ioural strategies (e.g. migration and dispersal; Smith and
Stirling 1975, Zanden et al. 2013, Zurell 2017), and habitat
modification (e.g. niche construction and destruction; Chase
and Leibold 2003, Holt 2009). In this spirit, the DNC is not
just an expansion — it is an invitation to progress towards a
richer Hutchinsonian niche that integrates the demographic,
behavioural, physiological, and interactional scaffolding that
sustains life.

Recent theoretical developments deepen this vision. Biotic
interactions like competition, predation, and mutualism
structure species distributions but remain underexamined at
the vital rate level, e.g. sapling versus adult survival (Garcia-
Cervigén et al. 2021, Kunstler et al. 2021). Capturing these
processes at demographic resolution will be key to forecasting
population responses to climate change (Coulson et al. 2001,
2011, Merow et al. 2017, Dial et al. 2022) and community
reshuffling (Alexander et al. 2016, Esquivel-Muelbert et al.
2019, Antao et al. 2022). Emerging frameworks such as the
interaction niche (Bliithgen et al. 2006, Dehling and Stouffer
2018, Dehling et al. 2022, Marjakangas et al. 2025) and
trait-driven theories (McGill et al. 2006, Enquist et al. 2015,
Larson and Funk 2016, Treurnicht et al. 2020, Buckley and
Puy 2022) provide formal links between traits, network posi-
tions, and demographic outcomes. While rooted more closely
to Eltonian or Grinnellian niche traditions (Grinnell 1904,
Elton 1927, Soberén 2007, Dehling and Stouffer 2018), these
developments advance a more dynamic and demographically
explicit niche concept. Together, they reinforce that niches
are not static entities defined solely by abiotic conditions, but
instead emerge from a web of ecological interactions, trait-
environment feedbacks, and evolutionary history.

A parallel frontier lies in disturbances. From fire-stimulated
germination (Higgins et al. 2000) to light pollution disrupt-
ing phenology (Firebaugh and Haynes 2019), natural and
anthropogenic disturbances can create transient demographic
windows that enable or preclude persistence and shape niches
and distributions (Bond and Midgley 2001, Wright et al.
2003, Pausas and Keeley 2014). Yet, disturbance remains an
underdeveloped axis of niche theory. Recognising how dis-
turbance regimes shape, shift, or erase demographic niches
will be essential for understanding and predicting responses
to global change and informing restoration and rewilding
efforts (Hamilton and Burton 2023, Svenning et al. 2024,
Pang et al. 2025).

Looking forward, although the DNC opens opportunities
for more predictive, mechanistic ecology, empirical tractabil-
ity remains a challenge. Unlike population models (typically
temporal but site-limited) or SDMs (typically spatial but
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time-agnostic), demographic niche models demand spatially
and temporally structured data across life stages (Merow et al.
2014b, Evans et al. 2025). These demands are non-trivial;
few species have sufficient coverage of vital rates across gra-
dients and time periods. While pragmatic approaches offer a
starting point (e.g. prioritizing key vital rates, assuming inter-
dependencies), the optimal remains broad vital rate coverage
across environmental gradients — ideally supplemented by
experimental data (e.g. PlantPopNet initiative; Wardle and
Buckley 2014).

However, this data challenge is increasingly surmountable.
A growing number of studies have modelled demographic
niches to varying degrees of complexity (Merow et al. 2014a,
2017, Pironon et al. 2018, Pagel et al. 2020, Holden et al.
2021, Carbeck et al. 2022, Dial et al. 2022), and demo-
graphic data availability is growing rapidly. Open-access
MPM databases COMPADRE and COMADRE (Salguero-
Gémez et al. 2015, 2016a) show exponential growths in spe-
cies representation, with steadily rising numbers of species
with three or more spatially distinct populations (Fig. 8).
Additionally, ongoing initiatives, including the PADRINO
(IPMs) database (Levin et al. 2022), NEON mammal datas-
ets (NEON 2025), MASTREE+ database (Hacket-Pain et al.
2022), and Beauchamp’s (2023) vertebrate survival data, con-
tinue to expand taxonomic and spatial reach. While only a
handful of species could be modelled now, that is quickly
changing. Now is the time to consolidate and expand demo-
graphic data collection efforts explicitly aimed at construct-
ing demographic niche models, ensuring coverage across vital
rates, life stages, and environmental gradients.

COMADRE Animal MPMs COMPADRE Plant MPMs
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Figure 8. The exponential growth of spatial explicit demographic
data over time from the COMADRE Animal (left panel) and
COMPADRE Plant (right panel) MPM databases. The cumulative
number of species (y-axis) with > 1 (green), > 3 (blue), and > 5
(red) spatially unique populations, based on the year of data avail-
ability (x-axis) defined as the publication year. Populations were
considered spatially unique if separated by at least 5 km, with thin-
ning performed using the ‘spThin’ package in R (www.r-project.org,
Ajello-Lammens et al. 2015) (Code availability). Unpublished
records (COMADRE=0, COMPADRE=1) and populations
without georeferencing (COMADRE =773, COMPADRE =998)
were excluded. The dashed line marks the publication year of
Maguire (1973).



Complementing these data gains are methodological
advances. Missing vital rate relationships can be inferred
using environmental covariates or population-level data
(Merow et al. 2014a, Bernard et al. 2024), while missing vital
rates can be imputed from phylogenetic relatives (James et al.
2021). The most transformative frontier perhaps lies in
remote sensing: drones, LIDAR, and multispectral imagery
now enable full IPM parameterization from survival, growth,
and reproduction data across entire landscapes (Olsoy et al.
2024, Rosen et al. 2025). These tools move us from monitor-
ing individuals in small plots to capturing demographic pro-
cesses at scale — offering the capacity to observe everything,
everywhere, all at once.

With theory in place and empirical pathways emerging,
the DNC stands at a turning point. The DNC bridges eco-
logical forecasting and biological realism, revealing not just
where species occur, but also why, how, and for how long. The
road ahead is to operationalize this framework: refining mod-
els, collecting targeted data, and building the next genera-
tion of tools and theory. In doing so, we edge closer to the
dynamic, integrative niche Maguire envisioned — one that
reflects the dynamic complexity behind life’s persistence on
Earth.
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