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Abstract
1.	 Environmental stochasticity poses significant challenges to population 

persistence. A key mechanism thought to buffer populations against such 
variability is demographic buffering—the ability of a population to stabilise 
growth despite temporal fluctuations in survival, development or reproduction. 
However, empirical tests of demographic buffering remain limited and often yield 
conflicting results. Here, we propose an integrative demographic framework that 
combines two complementary approaches to identify demographic buffering: 
(1) stochastic elasticities, which quantify the sensitivity of long-term stochastic 
growth rates (λs) to variance in demographic processes, and (2) second-order 
derivatives of deterministic growth (λ₁), which indicate whether selection acts to 
reduce or amplify variance in vital rates.

2.	 Applying this framework to 43 natural populations across 37 mammalian species, 
we position each species along a variance continuum and assess whether those 
with low stochastic elasticities—suggestive of buffering—also exhibit signs of 
concave selection on key demographic processes. While most primates and a 
few other long-lived mammals occupy the buffered end of the continuum, only 
one species—the Columbian ground squirrel—exhibits strong support for our 
hypothesis, with key vital rates both critical for λ₁ and under concave selection. In 
contrast, primates, despite showing low stochastic elasticities, often show convex 
or absent second-order effects on their most influential vital rates, indicating a 
mismatch between ecological buffering and evolutionary constraint.

3.	 Our findings suggest that demographic buffering is more dynamic and context 
dependent than previously recognised. Selection does not consistently act to 
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1  |  INTRODUC TION

Environmental stochasticity shapes organisms' life histories 
(Bonsall & Klug,  2011; Stearns,  1992; Tuljapurkar,  1990, 2010). 
Nonetheless, how organisms will cope with the changing varia-
tion in environmental conditions (Bathiany et  al.,  2018; Boyce 
et al., 2006; Morris et al., 2008) remains an intriguing ecological 
and evolutionary question (Sutherland et al., 2013). Evolutionary 
demography offers a range of explanations for how evolutionary 
processes influence demographic responses to environmental var-
iability (Charlesworth, 1994; Healy et al., 2019; Hilde et al., 2020; 
Pfister,  1998; Tuljapurkar et  al.,  2009). However, it is stochastic 
demography that explicitly addresses the impacts of fluctuating 
environments on wild populations of plants and animals (Boyce 
et al., 2006).

Stochastic demography is grounded in the powerful approxi-
mation introduced by Tuljapurkar (1982). This approximation posits 
that the long-term stochastic population growth rate (λs) is directly 
related to the geometric mean of population growth rates over time 
(λt) and the variance–covariance structure of demographic processes 
(Boyce et  al.,  2006; Tuljapurkar,  1982). A corollary of this approx-
imation is that increasing temporal variation reduces λs, thereby 
diminishing population performance. This phenomenon occurs 
because λs is mathematically defined as the geometric mean of λt. 
In turn, increased variation in λt leads to a reduction in λs (Morris 
& Doak, 2004; Tuljapurkar, 1982). Consequently, natural selection 
may favour mechanisms to reduce the temporal variability of key 
demographic processes (Gaillard & Yoccoz,  2003; Gillespie,  1977; 
Pfister, 1998).

The ability of a population to diminish the effects of environ-
mental stochasticity on λs—by reducing the temporal variability of 
demographic processes that contribute the most to λs is called de-
mographic buffering (Gaillard & Yoccoz, 2003; Morris & Doak, 2004; 
Pfister, 1998). A way to test for demographic buffering is outlined 
by the demographic buffering hypothesis (Pfister, 1998; Box 1). The 
demographic buffering hypothesis extends Tuljapurkar's approxima-
tion to argue that negative covariance between the impact of a demo-
graphic process on λt and the extent to the demographic process varies 

over time would enhance the population fitness by buffering against 
environmental stochasticity, and should therefore be favoured by 
natural selection (Gaillard & Yoccoz,  2003; Le Coeur et  al.,  2022; 
Morris & Doak, 2004; Pélabon et al., 2020; Pfister, 1998). Evidence 
exists supporting the demographic buffering hypothesis (e.g. Gaillard 
& Yoccoz, 2003; Rotella et al., 2012) or not (McDonald et al., 2017). 
However, generalisation of demographic buffering patterns across 
species remains challenging due to conceptual confusions leading 
to competing analytical frameworks (Doak et  al.,  2005; Morris & 
Doak, 2004).

1.1  |  Historical challenges and interpretations of 
demographic buffering

The correlational approach is the most widely used way to test for 
demographic buffering, following Pfister (Pfister,  1998; see also 
Hilde et al., 2020 for a review). In this approach, a negative correla-
tion is expected to emerge by regressing the proportional contri-
bution of vital rates to population fitness (the so-called elasticity) 
against its variability (coefficient of variation (CV)). Even for this 
straightforward approach, two possible interpretations emerge: 
an evolutionary and a population-level perspective. In the evolu-
tionary perspective, a significant negative correlation (ρ < 0, at a 
significant level p < 0.05) is interpreted as evidence that selection 
canalises variance in key demographic processes, thus supporting 
the demographic buffering hypothesis (e.g. Pfister, 1998; Reed et al., 
2010; Rotella et al., 2012). The constraint on the temporal variance 
of influential vital rates forms the basis of a second interpretation 
focused on the population level (e.g. Li & Ramula, 2015; McDonald 
et  al.,  2017). At the population level, the magnitude of ρ itself is 
used to place species along a continuum from more buffered to less 
buffered. This interpretation assumes that more negative values of 
ρ indicate populations that may be less sensitive to environmental 
stochasticity through reduced temporal variability in their most im-
portant vital rates—as determined by deterministic elasticity values.

Both interpretations face fundamental limitations. A correlation, 
even if significant, does not demonstrate an underlying mechanism 

reduce variance in key demographic processes, even in species where population 
growth appears robust to environmental variability. This decoupling implies 
that evolutionary and ecological signals of buffering may not always align. Our 
framework offers a new lens to dissect the demographic and selective processes 
underpinning resilience, providing a scalable tool for exploring demographic 
strategies across taxa. Future work integrating phylogenetic context, trait 
covariation and environmental drivers will be essential to understand the adaptive 
value of demographic buffering under global change.

K E Y W O R D S
COMADRE Animal Matrix Database, elasticity, environmental stochasticity, life-history 
evolution, natural selection, second-order derivative, sensitivity
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of natural selection. Most importantly, no single population should 
be expected to exhibit a uniform negative trend in all vital rates. 
Even the demographic buffering hypothesis does not assume this 
negative relationship (Hilde et al., 2020); instead, this hypothesis as-
sumes that the vital rates that contribute less to population growth 
should be under lower selective pressure to reduce their temporal 
variation, so those vital rates may be ‘free’ to vary through time 
(Hilde et al., 2020; Morris & Doak, 2004; Reed & Slade, 2012). For 
this reason, we should not expect a global trend supporting buffer-
ing towards a negative correlation nor the magnitude of ρ placing 
populations along a gradient from more to less buffered. Therefore, 
using ρ as a buffering metric is only an indirect predictor at best (and 
we argue an unlikely one) of the capacity of the populations to re-
duce the negative impact of the environmental stochasticity.

An alternative to the correlational approach is based on the 
‘penalisation term’ (

∑

ES
�) of Tuljapurkar's approximation (Box  1; 

Tuljapurkar,  1982). This approach quantifies the penalty im-
posed by the variance of vital rates on the long-term stochas-
tic population growth rate (�s), as shown by the approximation 
log

�

�s

�

≈ log
�

�0

�

+ (1∕2) ×
∑

ES
� where �0 represents the popula-

tion growth rate associated with mean demographic rates (explained 
in detail by Haridas & Tuljapurkar, 2005 in Equation 5). Lower values 
of 

∑

ES
�, which is always negative, indicates a stronger penalty im-

posed by variance in vital rates on the long-term stochastic growth 
rate (�s)—thereby indicating a less buffered population. Reduced 
variability in vital rates—particularly in those that most affect λs—
leads to 

∑

ES
� value closer to zero (

∑

ES
�

≈ 0), reflecting a higher 
buffering capacity to reduce negative impacts of stochasticity.

BOX 1 Key terminology

The demographic buffering hypothesis: Stemming from Tuljapurkar's approximation (Tuljapurkar, 1982), Pfister (1998) showed that the 
penalisation term representing the variance–covariance structure tends to be reduced when elasticities of demographic processes 
and their coefficients of variation covary negatively. However, the term demographic buffering was only coined later (sensu Morris 
& Doak, 2004). The demographic buffering hypothesis is also referred to as ‘adaptive buffering’ (sensu Le Coeur et al., 2022), sug-
gesting that selection acts to minimise the negative impacts of environmental variation by reducing the temporal variance of key 
demographic processes (e.g. survival, development, reproduction) that have the highest sensitivity/elasticity to population growth 
rate, a fitness proxy (Gaillard & Yoccoz, 2003; Pfister, 1998).

Demographic buffering is a broader concept than the demographic buffering hypothesis; it refers to a population's capacity to 
withstand environmental variability by keeping essential demographic processes stable over time (Gascoigne, Kajin, & Salguero-
Gómez, 2024; Gascoigne, Kajin, Sepil, & Salguero-Gómez, 2024; Hilde et al., 2020; Morris & Doak, 2004; Pfister, 1998). It is worth 
noting that this term does not explicitly allude to the evolutionary mechanisms that include selection, which are predicted by the 
demographic buffering hypothesis (Le Coeur et al., 2022).

Demographic lability: A population's ability to accommodate fluctuations in demographic processes in response to temporal variations 
in environmental conditions (Jäkäläniemi et al., 2013; Koons et al., 2009; Le Coeur et al., 2022). The relationship between the labile 
demographic process and the environment can be convex, concave or linear. A labile vital rate in a variable environment will have an 
average value that is greater than, less than or equal to the vital rate estimated in the mean environment, depending on the shape of 
the relationship. Similar to the demographic buffering hypothesis, the demographic lability hypothesis relies on selection for demo-
graphic process to track environmental fluctuations in a way that increases the long-term fitness (λs). This process occurs when the 
increase in demographic process mean—due to convexity—overcomes the detrimental effect of temporal variance in annual popula-
tion growth rates (Le Coeur et al., 2022).

Sensitivity: Represented by a first-order partial derivative of population growth rate with respect to each demographic process 
(Caswell, 1978, 2001; Ebert, 1999), sensitivity measures the absolute change in fitness that a change in a demographic process would 
cause.

Elasticity: Proportional sensitivity: A measure of proportional change in fitness caused by a proportional change in demographic 
process. Elasticities can be of different types (de Kroon et  al.,  1986, 2000; Grant et  al.,  2007; Haridas et  al.,  2009; Haridas & 
Tuljapurkar, 2005, 2007; Tuljapurkar et al., 2003; Van Tienderen, 2000) and with respect to both the stochastic and the deterministic 
population growth rates.

Tuljapurkar's approximation: To overcome dealing with complex probability distributions that describe demographic fluctuations 
through time, the approximation captures the effect of temporal variability, at least for small amounts of variability (i.e. small noise) 
on population growth. It states that the logarithm of the long-term stochastic population growth rate equals the geometric mean 
growth rate plus a penalty term containing the demographic process variance–covariance structure (Tuljapurkar, 1982). For our work, 
we use the derivation of Tuljapukar's approximation from Haridas and Tuljapurkar (2005) where the impact of temporal variability is 
written in terms of stochastic elasticities of variance—that is, log

�

�s

�

≈ log
�

�0

�

+ (1∕2) ×
∑

ES
�.
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Unlike ρ, which is an indirect metric for buffering, 
∑

ES
� is directly 

derived from the roots of the demographic buffering hypothesis—
Tuljapurkar's approximation (Box 1; Tuljapurkar, 1982). Importantly, 
∑

ES
� offers a more mechanistic and scalable measure of how tem-

poral variability in vital rates impacts long-term population growth. 
Moreover, in 

∑

ES
�, the vital rates are not assumed to follow an 

emergent trend as expected in the correlational approach. However, 
merging all vital rates into a single value, 

∑

ES
� or ρ, hides the direc-

tion and strength of natural selection that acts on each vital rate. 
Crucially, while demographic buffering is a by-product of the evolu-
tionary process that reduces variance in key vital rates, the penalisa-
tion term 

∑

ES
� measures the net ecological outcome of all sources 

of temporal variability (Haridas & Tuljapurkar,  2005). Thus, 
∑

ES
� 

is more directly aligned with the general concept of buffering in 
population dynamics than its evolutionary basis (Miles et al., 2024; 
Gascoigne, Kajin, & Salguero-Gómez, 2024). Thus, a weak effect on 
∑

ES
� in λs (i.e. 

∑

ES
�

≈ 0) is an expected but not sufficient condition 
for the evidence of the demographic buffering hypothesis.

1.2  |  Towards an integrative framework

So far, correlational and penalisation methods have been used inde-
pendently in the literature, as they address different aspects of de-
mographic buffering. However, we argue that the different aspects 
addressed by these approaches must be integrated. The correlational 
method emphasises the evolutionary bases of demographic buffering 
(Gaillard & Yoccoz, 2003; Hilde et al., 2020; Pfister, 1998), whereas the 
penalisation method focuses on population responses to environmen-
tal stochasticity (Haridas & Tuljapurkar, 2005; Morris et al., 2008). We 
use the latter method to compare the demographic buffering patterns 
between species and identify the populations displaying buffering sig-
natures—meaning 

∑

ES
�

≈ 0. Therefore, to address the evolutionary 
prediction that the most important vital rates should be under stronger 
selective pressure, we propose that, in addition to measuring the 

∑

ES
� 

for each population, one should also examine the effects of each de-
mographic process within the life cycle on λt (e.g. Caswell, 1978, 1996, 
2001; de Kroon et al., 1986; Ebert, 1999). This next step aligns with the 
correlational approach, relating the variance of demographic processes 
to their influence on λt. However, because correlation alone cannot 
confirm causality, it is essential to extend the demographic buffering 
framework to explore the role of non-linear selection pressures, which 
can be assessed through the second-order derivative (Box 1).

First- and second-order effects of the variation in demographic 
processes on fitness are evidence of average selection pressures over 
time (Carslake et al., 2008; Caswell, 2001; Kajin et al., 2023; Shyu & 
Caswell, 2014; Tuljapurkar et al., 2023). The first-order derivatives 
of the deterministic population growth rate (λ₁), known as elastici-
ties (∂λ₁/∂aij), measure the proportional change in λ₁ resulting from a 
small change in a demographic process (aij). They describe the linear 
effect of each vital rate on fitness and can be interpreted as proxies 
for selection gradients (Caswell, 2001; Lande, 1982). Second-order 
derivatives (∂2λ₁/∂aij

2) extend this concept by quantifying how λ₁ 

responds to non-linear changes in the same demographic process. In 
other words, they measure the curvature of λ₁ with respect to each 
aij, indicating whether selection acts to amplify or reduce temporal 
variability in that rate (Caswell, 1996; Shyu & Caswell, 2014).

The sign (>0 or <0) of the second derivatives determines the 
type of non-linear selection that acts on the temporal variability 
of the demographic process. Negative values (concave selection, 
∩-shaped) reduce temporal variance, characteristic of buffering 
(Caswell, 1996, 2001; Shyu & Caswell, 2014). Positive values (convex 
selection, ∪-shaped) indicate selection forces that amplify the tem-
poral variance, revealing a lack of selection pressures on reducing the 
temporal variance in a demographic process (Caswell, 1996, 2001; 
Koons et  al.,  2009; Le Coeur et  al.,  2022; Shyu & Caswell,  2014). 
These second derivatives can be further classified as self- or cross-
second derivatives, depending on whether they involve one or more 
than one demographic process. Here, we focus on self-second deriv-
atives, which quantify the curvilinear impact of an individual demo-
graphic process on population growth (i.e. ∂2λ₁/∂aij

2).
Here, we show how the combination of both aforementioned 

demographic methods—
∑

ES
� and second derivatives—can be used 

to test the following hypothesis: buffered species with low summed 
effect of temporal variability on their fitness should show signa-
tures of concave selection that act to reduce the variance in their 
most important demographic process(es) (see Box 1 for definitions). 
Concave selection pressures in a demographic process implicate a 
reduced sensitivity of population growth to temporal variance in 
that demographic process (Caswell,  2001; Shyu & Caswell,  2014), 
thereby enhancing population persistence in the face of environ-
mental stochasticity. We test our hypothesis and demonstrate the 
applicability and challenges of our framework using 43 populations 
of 37 mammal species.

2  |  METHODS

2.1  |  Population models—The building blocks to 
test the demographic buffering hypothesis

Current evidence for demographic buffering has primarily been 
assessed using matrix population models (MPMs, hereafter) 
(Pfister,  1998; Rotella et  al.,  2012). However, integral projection 
models (IPMs) (Easterling et al., 2000; Ellner et al., 2016; Gascoigne 
et al., 2025; Rodríguez-Caro et al., 2021; Wang et al., 2023) can 
also identify demographic buffering. MPMs and IPMs are struc-
tured, discrete-time demographic models (Caswell,  2001; Ellner 
et al., 2016). For simplicity, here we focus on MPMs, but note that 
the same proposed approach applies to IPMs (Doak et al., 2021; 
Griffith,  2017). Hereafter, we refer to demographic processes 
in the MPM A as its entries aij (i.e. upper level parameters sensu 
Zuidema & Franco,  2001) and the vital rates composing those 
matrix elements (i.e. lower level parameters, ditto). The conver-
sion between matrix elements and vital rates is straightforward 
(Franco & Silvertown, 2004).
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2.2  |  Comparing population into a continuum from 
less to more buffered—The buffering signature

We used 
∑

ES
� to place species on a variance continuum. The vari-

ance continuum represents the summed effects of proportional in-
creases in temporal variability across all demographic processes (aij) 
of the MPM A on the population growth rate λs, operating at the 
between-populations level. We derived 

∑

ES
� from the summation of 

elasticities 
∑

ES, which can be partitioned into two components: (i) 
the sum of stochastic elasticities with respect to variability (

∑

ES
� )—

assessing how variability in aij affects λs and (ii) the sum of stochas-
tic elasticities with respect to the arithmetic mean of demographic 
processes (

∑

ES
�)—assessing the impact of a change in mean values 

of demographic processes on λs (Haridas & Tuljapurkar,  2005). As 
previously mentioned, a weak 

∑

ES
� (i.e. 

∑

ES
�

≈ 0) means that the 
population growth rate is relatively unaffected by the variability in 
demographic processes (Haridas & Tuljapurkar, 2005), which is con-
sistent with demographic buffering, but needs to be confirmed with 
a second approach to test for the selective pressures acting in the 
vital rates. This can be done by using the second derivatives of the 
population growth rate with respect to demographic processes.

2.3  |  Demographic processes, their first- and 
second-order effects on λs and types of selection on 
temporal variance

The following method delves into the within-population level by cal-
culating the partial derivatives of λ1 (obtained by averaging sequen-
tial MPMs throughout the study duration, Figure S1) concerning each 

separate matrix element aij of MPM A (Figure 1b). This step reveals a 
first-order effect of the variation of the demographic process on fit-
ness—the elasticities of λ1 to changes in the demographic processes. 
Specifically, elasticities correspond to the relative contribution of an 
individual demographic process (aij) to the arithmetic mean population 
growth rate (λ1). To quantify the curvilinear impact (e.g. concavity as a 
signature of demographic buffering) of demographic processes on λ1, 
we then evaluate a second-order effect using self-second derivatives 
of λ1 for each aij (Figure 1b; Caswell, 1996; Shyu & Caswell, 2014).

We argue that the joint interpretation of first- and second-order 
effects of variation on λ1 provides the platform needed to address 
our prediction of demographically buffered populations displaying 
concave selection pressures. To address our hypothesis, we:

1.	 Place populations along a continuum defined by 
∑

ES
� values.

2.	 Identify the demographic processes with the highest elasticities 
for each population.

3.	 Associate the same demographic processes identified in (2) with 
negative self-second derivatives, indicating concave selection.

2.4  |  Showcasing demographic buffering in a 
hypothetical species

We present these steps on a hypothetical wolf population (Figure 1). 
In this wolf population, individuals who remain in the fourth 
stage (MPM element a4,4) have the greatest impact over λ1, with 
the highest elasticity value (Figure  1b, yellow square). However, 
Figure  1b reveals a weak second-order effect of element a4,4 on 
λ1, thus implying a weak selection pressure to reduce a4,4 temporal 

F I G U R E  1  Integrative multilevel framework for assessing demographic buffering. (a) At the between-population level, populations are 
positioned according to their summed stochastic elasticities of variance (

∑

ES
�), quantifying the sensitivity of the long-term growth rate (λs) 

to environmental fluctuations. Proximity to zero (right-hand side) indicates weaker impacts of demographic variance on λs, characterising 
potentially buffered life cycles (blue dots). Conversely, the left-hand side represents populations where variability results in strong impacts 
on λs (yellow dots), identifying potentially unbuffered life cycles. Data points are jittered along the y-axis to improve visual comprehension. (b) 
To reveal the within-population buffering mechanism for a hypothetical wolf population, first- and second-order derivatives are employed. 
Matrix colours represent first-order derivatives (the elasticities) of the deterministic growth rate (λ1), identifying demographic rates with 
the highest contributions to fitness (yellow cells: High; blue cells: Low). Overlaid black dots denote second-order derivatives, revealing the 
selection forces acting on each demographic rate; the co-occurrence of high elasticity and negative curvature (concave selection) identifies 
the specific life-cycle transitions that underpin the buffering potential observed at the population level.
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variance. A combination of a strong first-order and near-zero second-
order effects on fitness coincides with a strong linear influence of a 
change in the mean of a4,4 on λ1. However, in this example, there is 
no evidence of concave selection on a4,4, as we expected based on 
the positioning of the wolf population on the left (unbuffered) side 
of the variance continuum (Figure 1a).

We found evidence of concave selection in the fertility of in-
dividuals in the second and third stages of the hypothetical wolf 
species (Figure 1b, MPM elements a1,2 and a1,3, respectively, large 
black dots). Both fertility elements in this wolf population reveal low 
elasticities (Figure 1b), but highly negative self-second derivatives. 
Such a pattern coincides with strong concave selection acting to re-
duce temporal variance in wolves' second- and third-stage fertilities. 
These patterns also reveal that temporal autocorrelation in second- 
and third-stage fertilities affects population fitness. Nonetheless, 
the absence of concave selection in the fertility of individuals in the 
fourth stage (Figure  1b, MPM element a1,4, small black dot) might 
suggest a pattern consistent with senescence.

Although not our primary goal, we briefly introduce steps to 
evidence demographic lability. Compelling lability evidence re-
quires sufficient data across environments (over time or space; 
but see Perret et al., 2024) to construct reaction norms depicting 
demographic responses to environmental changes (Drake, 2005; 
Koons et  al.,  2009). Non-linear relationships between demo-
graphic processes and the environment must be established based 
on the reaction norms. Demographic processes where an increase 
in the mean value has a stronger positive impact on population 
growth rate than the detrimental effect of increased variance 
need to be identified. The latter condition is only met when the 
process–environment reaction norms are convex (Drake,  2005; 
Koons et al., 2009). However, Barraquand and Yoccoz (2013) show 
that, even with log-concave reaction norms, environmental vari-
ability can positively affect population growth under certain con-
ditions, such as constant survival or density-dependent growth. 
Importantly, species may not be purely buffered or labile; some 
processes may be buffered, labile and insensitive to environmental 
variability (e.g. Doak et al., 2005). Deciphering these patterns is a 
primary research interest in the field.

2.5  |  Demographic buffering in mammals: A 
case study

We examine the performance of our framework and test the hy-
pothesis that species at the buffered end of the variance continuum 
display highly negative self-second derivatives for the governing de-
mographic processes. We use 43 MPMs from 37 mammal species 
(16 species at the within-populations level). Mammals are of special 
interest in the context of demographic buffering for two reasons: (1) 
mammalian life histories have been well studied (Beccari et al., 2024; 
Bielby et  al.,  2007; Gillespie,  1977; Jones,  2011; Stearns,  1983) 
and (2) some of their populations have already been assessed in 
terms of demographic buffering, particularly for primates (Campos 

et al., 2017; Morris et al., 2008, 2011; Reed & Slade, 2012; Rotella 
et  al., 2012). Together, the well-studied life histories and previous 
information about the occurrence of buffering in mammals allow us 
to make accurate predictions and validate the performance of our 
framework.

We used MPMs (Caswell,  2001) from 43 of 139 studies with 
mammals available in the COMADRE Animal Matrix Database 
v.3.0.0 (Salguero-Gómez et al., 2016). These 43 populations encom-
pass 37 species from eight taxonomic orders. We carefully selected 
these MPMs in our analyses because their models contain values 
of demographic processes (aij) for three or more contiguous time 
periods (median = 8 years), thus allowing us to obtain the stochastic 
elasticity of each aij. Although we are aware that, not all possible 
temporal variation in demographic processes may have been ex-
pressed within this period, we assumed three or more transitions 
are enough to provide sufficient variation for population compari-
son (Compagnoni et al., 2023). To mitigate bias in variance estimates, 
we randomly extracted three MPMs from the existing data for each 
species (Table  S1), calculated the mean of these three MPMs and 
repeated this process 50 times to obtain mean estimates of 

∑

ES
� 

and their corresponding standard errors. A detailed description of 
the analysed data and their original sources are detailed in Table S1. 
Finally, we included MPMs of Homo sapiens to cross-check our es-
timates of second-order derivatives, as it is the only mammalian 
species where these have been calculated (Caswell, 1996). The data 
for H. sapiens were gathered from 26 modern populations (Keyfitz & 
Flieger, 1990). Because we use only publicly available data, ethical 
approval was not required.

At the within-populations level, we used a subset of 16 popu-
lations (including H. sapiens) whose MPMs were age-based. We 
specifically selected these populations because their life cycles can 
be summarised by two main demographic processes: survival and 
contribution to the recruitment of new individuals (Caswell, 2001; 
Ebert, 1999).

To quantify the variance continuum and calculate 
∑

ES
� for 

between-population level comparisons, we followed Tuljapurkar 
et  al.  (2003) and Haridas and Tuljapurkar  (2005). Next, at the 
within-population level, we calculated the deterministic elasticities 
to each demographic process using the popbio package (Stubben 
et al., 2020). The self-second derivatives were adapted from demogR 
(Jones,  2007) following Caswell  (1996) and applied to the mean 
MPM of each study. All analyses were performed using R version 
4.4.1 (R Core Team, 2024).

3  |  RESULTS

We ranked 43 populations from 37 mammal species into a 
continuum of variance according to the summed impact of 
variation in demographic processes on λs (Figure  2). Most of 
the analysed taxonomic orders were placed on the low or zero 
variance, end of the variance continuum (Figure 2), coinciding with 
demographically buffered populations. As expected, all 14 primate 
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populations occupied the buffered side of the variance continuum, 
with the exception of the Patas monkey (Erythrocebus patas,  
Primates, 

∑

ES
� = −0.0521 ± 5.38 × 10 −3) (Figure  2 silhouette j).  

The first non-primate species placed near the buffered end of  
the continuum was the Columbian ground squirrel (Urocitellus co-
lumbianus, Rodentia, 

∑

ES
� = −3.38 × 10 −3 ± 6.96 × 10−4) (Figure  2  

silhouette e). On the other opposite, the species with the high-
est contribution of variation in demographic processes—placed 
at the high-variance end of the continuum—was the stoat 
(Mustela erminea, Carnivora, 

∑

ES
� = −0.310 ± 0.0162) (Figure  2  

silhouette f). The snowshoe hare (Lepus americanus, Lagomorpha, 
∑

ES
� = −0.262 ± 0.0233) (Figure  2 silhouette a) and the Bush rat  

(Rattus fuscipes, Rodentia, 
∑

ES
� = −0.245 ± 4.29 × 10−3) (Figure  2  

silhouette h) were positioned on the non-buffered end of the vari-
ance continuum. Additional information (including standard errors  
of the elasticity estimates) is provided in Table S1.

A posteriori, we quantified the impact of phylogenetic relat-
edness on the estimates of the sum of stochastic elasticities and 
then for the correlation between those estimates and the num-
ber of MPMs available per species. For the former, we estimated 
Blomberg's K, a measure of phylogenetic signal that ranges be-
tween 0 (weak signal) to positive value 1 (strong) (Münkemüller 

et al., 2012). Blomberg's K in our analyses was 0.23. The correla-
tion between the number of available MPMs per study and the 
sum of stochastic elasticities (post jack-knifing) raised a weakly 
negative coefficient (−0.002), though significant (p = 0.017), sup-
porting the robustness of the 

∑

ES
�, particularly for further hy-

pothesis testing.

3.1  |  Making sense of the shape of natural 
selection in the context of demographic buffering

We found support for our hypothesis—that populations with low 
∑

ES
� should exhibit signs of concave selection reducing variance 

in most important demographic processes—in only one species: 
the Columbian ground squirrel (Urocitellus columbianus; Figure 2, 
silhouette e). The strongly negative self-second derivative with 
respect to growth from the first to second stage (Figure 3b, MPM 
element a2,1) indicates that a2,1 is both important, and at the 
same time, kept constant through time in this population of U. 
columbianus.

In humans, the support for our hypothesis was present, but 
weaker, as humans are placed further away from the buffered end 

F I G U R E  2  The variance continuum for 43 populations from 37 species of mammals from the COMADRE database based on the summed 
stochastic elasticities of λs to temporal variability in demographic processes (

∑

ES
� ) at the between-populations hierarchical level. Colours 

represent different taxonomic orders with Primates occupying the right-hand side. Silhouettes: (a) Lepus americanus, (b) Gorilla beringhei, (c) 
Homo sapiens, (d) Pan troglodytes, (e) Urocitellus columbianus, (f) Mustela erminea, (g) Felis catus, (h) Rattus fuscipes, (i) Erythrocebus patas, (j) 
Macropus eugenii and (k) Brachyteles hyphoxantus. The vertical axis delineates the values of the probability density function, indicating the 
frequency of populations at each value of 

∑

ES
�. The placement of data points (species/populations) along the horizontal axis corresponds 

to their calculated values of 
∑

ES
� and is arranged linearly, while the placement along the y-axis is random (jittered) for improved visual 

comprehension.
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of the variance continuum (Figure 2, silhouette j). However, the de-
mographic parameters representing growth from the first to second 
age class and growth from the second to third age class (matrix ele-
ments a2,1 and a3,2, respectively) displayed high elasticities alongside 
negative self-second derivatives (Figure 3d), corroborating with the 
demographically buffered population.

For the remaining studied species, the demographic processes 
with the highest elasticity values did not display strong negative 
self-second derivatives (Figure  3). Particularly for the majority of 
primates, placed on the buffered end of the variance continuum, 
demographic processes with high elasticities had positive values 
for the self-second derivatives (indicated by yellow squares with 

white dots in Figure 3). Examples of primate species exhibiting high 
elasticities and positive values for their self-second derivatives in-
clude northern muriqui (Brachyteles hypoxanthus), mountain gorilla 
(Gorilla beringei), white-faced capuchin monkey (Cebus capucinus), 
rhesus monkey (Macaca mulatta), blue monkey (Cercopithecus mitis), 
Verreaux's sifaka (Propithecus verreauxi) and olive baboon (Papio cy-
nocephalus) (Figure  3). This implies that the key demographic pro-
cesses influencing λ1 do not show evidence of selective pressure for 
reducing their variability.

We also found support for increasing variability of the most 
important vital rates for populations in the demographic buffering 
end. For instance, for the Soay sheep (Ovis aries), remaining in the 

F I G U R E  3  First- and second-order effects on population growth rate, λ1 (corresponding to elasticities and self-second derivatives of 
population growth rate, respectively) for 16 mammal species. The 16 plots represent populations (labels a to p) where the MPMs built by 
ages were available in the COMADRE Animal Matrix Database. The yellow–blue colour scale represents elasticity values for each of the 
demographic processes in the MPM, where yellow cells represent high and blue cells represent low elasticity of deterministic population 
growth rate to changes in demographic processes. No colour means elasticity = 0. The black dots represent negative self-second derivatives 
of λ1—corresponding to concave selection—and the white dots represent positive self-second derivatives of λ1—ditto convex selection. The 
dot sizes are scaled by the absolute value of self-second derivatives, where the smaller the dot, the closer a self-second derivative is to 
0, indicating weak or no nonlinearity. Thus, large dots indicate strong nonlinear selection forces, either concave (black) or convex (white). 
Since the derivatives of population growth rate are confounded by eigen structure (de Kroon et al., 2000), the scaling of the elasticity values 
and second-derivative values is species specific—that is, each plot has its own scale. Species-specific scales can be found in the Supporting 
Information (Table S2).
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third age class (Figure 3m, a3,3) impacts λt the most and is under 
selection pressure to have its variance increased. These charac-
teristics suggest potential conditions for lability, despite the spe-
cies being positioned closer to the buffered end of the variance 
continuum.

Adding the second-order effect of variation on fitness to the 
toolbox for demographic buffering is an important addition. The 
high absolute values of self-second derivatives (large dots, either 
black or white, Figure 3) suggest that λt is sensitive to autocorrela-
tion in those demographic processes. This pattern also means that 
if, for example, the mean value of a5,4 for Ursus maritimus increased, 
the sensitivity of λt to a5,4 would decrease because the self-second 
derivative of a5,4 is highly negative (depicted by the largest black dot 
in polar bear, Figure 3j). The opposite holds for the a4,4, where an 
increase in the value of a4,4 would increase the sensitivity of λt to 
a4,4 because the self-second derivative of a4,4 is highly positive (the 
largest white dot in the polar bear MPM).

4  |  DISCUSSION

We explore demographic buffering patterns through the integra-
tion of established demographic techniques. Our framework merges 
insights from both stochastic and deterministic demographic ap-
proaches, which revealed only limited support for our hypothesis. 
Specifically, we had anticipated that species exhibiting minimal in-
fluence from temporal variability in demographic processes on their 
stochastic growth rates would demonstrate concave selection af-
fecting the demographic processes with the highest deterministic 
elasticities. However, using stochastic elasticities alongside the first- 
and second-order perturbation analysis of the deterministic popula-
tion growth rate and applying these analyses to mammal species, we 
found that only the Columbian ground squirrel fully supported our 
hypothesis; humans showed partial support; other species did not.

Evidencing demographic buffering is not straightforward. 
Indeed, through the analysis of stochastic population growth rate 
(λs) in our application of the framework to 43 populations of 37 mam-
mal species, we identify the highest density of natural populations 
near the buffered end of the variance continuum (

∑

ES
� closer to 0). 

However, we show that most of the species then fail to exhibit signs 
of concave (∩-shaped) selection on impacting demographic param-
eters, opposed to our hypothesis. Such results suggest discordance 
between two features of demographic buffering, namely: (1) the sto-
chastic population growth rate having a low sensitivity to temporal 
variability in demographic processes and (2) demographic processes 
having their temporal variability reduced by selection.

The lack of association between the non-linear selection patterns 
(concave/convex) and species positioning on the variance contin-
uum for the studied mammal species may have several explanations. 
First, non-linear selection on demographic process variability is dy-
namic (Kajin et al., 2023). Within a life cycle, even minor changes in 
key demographic processes can trigger a domino effect, affecting 
not only the process itself but also the sensitivity of λ1 to changes 

in said process (Stearns, 1992). Consequently, correlations between 
demographic processes (negative correlations known as trade-offs) 
are influenced by minor alterations in the governing demographic 
processes (Doak et  al.,  2005). Because of these characteristics, 
second-order derivatives reveal ‘fine scale’ fitness behaviour com-
pared to sums of stochastic elasticities. Evolutionary demography 
still requires new tools to connect second-order fitness effects with 
stochastic elasticities in a biologically interpretable manner as in 
Tuljapurkar et al. (2023).

The stochastic elasticities explicitly account for the demographic 
process variation in time, while the first- and second-order effects 
on fitness are obtained from temporally averaged population matri-
ces. Because a mean environment rarely characterises the natural 
variation in demographic process typical of stochastic environments 
(Boyce et al., 2006), any metric derived from averaged matrix pop-
ulation models represents only an averaged realisation and could 
only rarely be representative of a pattern emerged from explicitly 
accounting for temporal variation.

Our original assumptions regarding demographically buffered 
populations, however, remain valid. We assumed that (1) a buffered 
population is one with a weak summed effect of temporal variability 
on the long-term stochastic population growth rate, 

∑

ES
�, and (2) if 

a population is buffered, there should be signs of concave selection 
acting on the demographic process with the highest deterministic 
elasticity. The lack of support for our hypothesis supports the idea 
that the patterns of first- and second-order effects of demographic 
process variation on fitness are dynamic and can change rapidly in 
natural environments. Even if a given demographic process is pri-
marily governing the population growth rate in 1 year, a different one 
might take over next year (Evers et al., 2021).

When placing our study species along a variance continuum, 
primates tend to be located on the buffered end. However, most 
primates displayed convex—instead of the expected concave—se-
lection on adult survival. Similar results, where the key demo-
graphic process failed to display reduced temporal variability, have 
been reported for long-lived seabirds (Doherty et  al.,  2004). One 
explanation for the unexpected convex selection on adult survival 
involves trade-offs, as suggested by Doak et al.  (2005). When two 
demographic parameters are negatively correlated, the variance of 
population growth rate can be increased or decreased (Compagnoni 
et al., 2016; Evans & Holsinger, 2012).

Correlations among demographic processes (positive and neg-
ative) inherently influence the biological limits of variance (Haridas 
& Tuljapurkar, 2005). This is because the magnitude of variation in 
a particular demographic process is constrained by the variation of 
other demographic processes. Not surprisingly, correlations among 
demographic processes have been shown to be strongly subjected 
to ecological factors (Fay et  al.,  2022). Therefore, future studies 
may benefit from deeper insights using cross-second derivatives 
(Caswell,  1996, 2001) to investigate correlations among demo-
graphic processes.

Biological variance estimates are inevitably subjected to sev-
eral sources of bias (Simmonds & Jones, 2024). To minimise bias, we 
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randomly sampled the available matrices before obtaining the es-
timates. Despite the significant correlation between 

∑

ES
� and the 

number of available matrices per species, the relative positioning 
of species remains meaningful for between-population level com-
parisons, as the correlation is very weak (−0.002). Still, researchers 
carrying out macroecological comparisons of demographic buffer-
ing might want to be even more stringent than we have been here 
with their data sets, as these grow longer with time (Compagnoni 
et al., 2021; Salguero-Gómez, 2021).

Regarding phylogenetic effects, our tests revealed a mild signal, 
but we note that future work regressing 

∑

ES
� values against poten-

tial independent variables (e.g. climate values) may want to correct 
for this phylogenetic dependence. By having carefully chosen stud-
ies from a database that contains >400 species and retained only 
those that passed through a set of selection criteria (Che-Castaldo 
et  al.,  2020; Gascoigne, Rolph, et  al.,  2023; Kendall et  al.,  2019; 
Römer et al., 2024; Simmonds & Jones, 2024), we mitigate those bi-
ases a priori. Furthermore, we are using an elasticity-based approach, 
meaning we are comparing proportional variances. At present, the 
available methods still do not account for constraints in variance nor 
performing a perturbation approach disproportionately.

The analyses at both between- and within-populations levels 
are fundamentally interconnected. This connection is grounded on 
the fact that large, summed elasticities to variability are intrinsi-
cally linked to high elasticity values, as demonstrated in Equation 6 
(Haridas & Tuljapurkar,  2005). This finding robustly endorses the 
perspective that species' positions along the variance continuum 
should be interpreted with consideration of first- and second-order 
effects, and additionally, in the context of selection pressures acting 
on the variability of demographic processes, as revealed by second-
order derivatives.

Demographic processes within our study populations often face 
a mix of convex and concave selection. This mix of selection pat-
terns was suggested by Doak et al. (2005), who noted that dramatic 
changes in population growth rate sensitivities are influenced by 
correlations among demographic processes. Here, only two of the 16 
mammal species revealed concave selection on the key demographic 
processes: Columbian ground squirrel (Urocitellus columbianus) and 
humans (Homo sapiens). These two species were placed near (or rela-
tively near) the buffered end of the variance continuum, supporting 
(partially) our hypothesis. Evidence of buffering has been reported 
across 22 ungulate species (Gaillard & Yoccoz, 2003). However, in 
the one ungulate we examined, the moose (Alces alces), we found 
only partial support for our hypothesis, as it is near the buffered end 
of the variance continuum but lacks concave selection pressures on 
the most important demographic process.

Our overall findings reveal varying levels of support for the no-
tion that adult survival in long-lived species tends to be buffered. 
Indeed, Gaillard et  al.  (1998) found that adult female survival var-
ied considerably less than juvenile survival in large herbivores. This 
finding was also supported by further studies in ungulates (Gaillard 
& Yoccoz,  2003), turtles (Heppell,  1998), vertebrates and plants 
(Pfister,  1998). Gaillard and Yoccoz  (2003) reported unexpectedly 

high adult survival in small mammals, even though the studied small 
mammals were annual, and as such, comparable to a large mammal 
model. Seasonality, frequency and method of sampling all influence 
survival estimates and their estimated variability; thus, when com-
paring multiple species/studies, all the latter characteristics should 
be taken into account when interpreting the results.

Although species at the buffered end of the variance continuum 
tend to be slow-living mammals, this pattern is not simply a reflec-
tion of the slow–fast life-history continuum. The fast–slow axis 
captures evolutionary pacing of survival and reproduction (Stearns, 
1976), whereas the buffering continuum quantifies the demo-
graphic sensitivity of λs to temporal variance in vital rates (Haridas & 
Tuljapurkar, 2005; Stott et al., 2024). Once environmental stochas-
ticity and phylogenetic relatedness are accounted for, the explan-
atory power of life-history pace reduces (e.g. Santos et  al.,  2024). 
Thus, both continua are related but operate at distinct scales—evo-
lutionary versus demographic.

Examining the drivers of demographic buffering has become 
an important piece of the ecological and evolutionary puzzle of 
demography. As such, understanding buffering can help us better 
predict population responses to environmental variability, climate 
change and direct anthropogenic disturbances (Boyce et al., 2006; 
Gascoigne, Kajin, & Salguero-Gómez, 2024; McDonald et al., 2017; 
Pfister,  1998; Salguero-Gómez,  2024; Vázquez et  al.,  2017). By 
setting demographic buffering into a broader and more integrated 
framework, we hope to enhance comprehension and prediction of 
the implications of heightened environmental stochasticity on the 
evolution of life-history traits. This understanding is crucial in miti-
gating the risk of extinction for the most vulnerable species.

AUTHOR CONTRIBUTIONS
Gabriel Silva Santos developed the initial concept, performed the 
statistical analyses and contributed to the first draft of the manu-
script. Samuel J. L. Gascoigne developed the initial concept, contrib-
uted to the first draft and all other versions of the manuscript and 
generated final figures. André Tavares Corrêa Dias co-advised the 
project and contributed significantly to final versions of the manu-
script. Maja Kajin developed and managed the project, contributed 
to the first draft and all other versions of the manuscript and gener-
ated final figures. Roberto Salguero-Gómez developed and managed 
the project and contributed to the first draft and all other versions of 
the manuscript. All authors made substantial contributions in editing 
the manuscript and further refining ideas and interpretations.

ACKNOWLEDG EMENTS
This study was financed in part by the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior—Brazil (CAPES)—
Finance Code 001. G.S.S. was supported by CAPES and CNPq 
(301343/2023-3). M.K. was supported by the European Commission 
through the Marie Skłodowska-Curie fellowship (MSCA MaxPersist 
#101032484) hosted by R.S.-G. R.S.-G. was supported by a NERC 
Independent Research Fellowship (NE/M018458/1) and a NERC 
Pushing the Frontiers (NE/X013766/1).



    |  11SANTOS et al.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
The demographic data used in this paper are open access and avail-
able in the COMADRE Animal Matrix Database (https://​compa​dre-​
db.​org/​Data/​Comadre). A list of the studies and species used here is 
available in the Supporting Information (Table S1). The data and code 
supporting the results are available at Zenodo (https://​zenodo.​org/​
recor​ds/​18300981).

ORCID
Gabriel Silva Santos   https://orcid.org/0000-0001-7991-8807 
Samuel J. L. Gascoigne   https://orcid.org/0000-0002-2984-1810 
Roberto Salguero-Gómez   https://orcid.
org/0000-0002-6085-4433 

R E FE R E N C E S
Barraquand, F., & Yoccoz, N. G. (2013). When can environmental variabil-

ity benefit population growth? Counterintuitive effects of nonlin-
earities in vital rates. Theoretical Population Biology, 89, 1–11.

Bathiany, S., Dakos, V., Scheffer, M., & Lenton, T. M. (2018). Climate 
models predict increasing temperature variability in poor countries. 
Science Advances, 4, eaar5809.

Beccari, E., Capdevila, P., Salguero-Gómez, R., & Carmona, C. P. (2024). 
Worldwide diversity in mammalian life histories: Environmental 
realms and evolutionary adaptations. Ecology Letters, 27, e14445.

Bielby, J., Mace, G. M., Bininda-Emonds, O. R. P., Cardillo, M., Gittleman, 
J. L., Jones, K. E., Orme, C. D. L., & Purvis, A. (2007). The fast-slow 
continuum in mammalian life history: An empirical reevaluation. 
American Naturalist, 169, 748–757.

Bonsall, M. B., & Klug, H. (2011). The evolution of parental care in sto-
chastic environments. Journal of Evolutionary Biology, 24, 645–655.

Boyce, M., Haridas, C., Lee, C., & The NCEAS Stochastic Demography 
Working Group. (2006). Demography in an increasingly variable 
world. Trends in Ecology & Evolution, 21, 141–148.

Campos, F. A., Morris, W. F., Alberts, S. C., Altmann, J., Brockman, D. K., 
Cords, M., Pusey, A., Stoinski, T. S., Strier, K. B., & Fedigan, L. M. 
(2017). Does climate variability influence the demography of wild 
primates? Evidence from long-term life-history data in seven spe-
cies. Global Change Biology, 23, 4907–4921.

Carslake, D., Townley, S., & Hodgson, D. J. (2008). Nonlinearity in 
eigenvalue-perturbation curves of simulated population projection 
matrices. Theoretical Population Biology, 73, 498–505.

Caswell, H. (1978). A general formula for the sensitivity of population 
growth rate to changes in life history parameters. Theoretical 
Population Biology, 14, 215–230.

Caswell, H. (1996). Second derivatives of population growth rate: 
Calculation and applications. Ecology, 77, 870–879.

Caswell, H. (2001). Matrix population models: Construction, analysis, and 
interpretation. Sinauer Associates Inc. Publishers.

Charlesworth, B. (1994). Evolution in age-structured populations (2nd ed.). 
Cambridge University Press.

Che-Castaldo, J., Jones, O. R., Kendall, B. E., Burns, J. H., Childs, D. Z., 
Ezard, T. H. G., Hernandez-Yanez, H., Hodgson, D. J., Jongejans, E., 
Knight, T., Merow, C., Ramula, S., Stott, I., Vindenes, Y., Yokomizo, 
H., & Salguero-Gómez, R. (2020). Comments to “Persistent prob-
lems in the construction of matrix population models”. Ecological 
Modelling, 416, 108913.

Compagnoni, A., Bibian, A. J., Ochocki, B. M., Rogers, H. S., Schultz, E. L., 
Sneck, M. E., Elderd, B. D., Iler, A. M., Inouye, D. W., Jacquemyn, H., 

& Miller, T. E. X. (2016). The effect of demographic correlations on 
the stochastic population dynamics of perennial plants. Ecological 
Monographs, 86, 480–494.

Compagnoni, A., Evers, S., & Knight, T. (2023). Spatial replication can 
best advance our understanding of population responses to cli-
mate. bioRxiv. https://​doi.​org/​10.​1101/​2022.​06.​24.​497542

Compagnoni, A., Levin, S., Childs, D. Z., Harpole, S., Paniw, M., Römer, 
G., Burns, J. H., Che-Castaldo, J., Rüger, N., Kunstler, G., Bennett, 
J. M., Archer, C. R., Jones, O. R., Salguero-Gómez, R., & Knight, T. 
M. (2021). Herbaceous perennial plants with short generation time 
have stronger responses to climate anomalies than those with lon-
ger generation time. Nature Communications, 12, 1824.

de Kroon, H., Plaisier, A., van Groenendael, J., & Caswell, H. (1986). 
Elasticity: The relative contribution of demographic parameters to 
population growth rate. Ecology, 67, 1427–1431.

de Kroon, H., Van Groenendael, J., & Ehrlen, J. (2000). Elasticities: A re-
view of methods and model limitations. Ecology, 81, 607–618.

Doak, D. F., Morris, W. F., Pfister, C., Kendall, B. E., & Bruna, E. M. (2005). 
Correctly estimating how environmental stochasticity influences 
fitness and population growth. The American Naturalist, 166, 
E14–E21.

Doak, D. F., Waddle, E., Langendorf, R. E., Louthan, A. M., Isabelle 
Chardon, N., Dibner, R. R., Keinath, D. A., Lombardi, E., Steenbock, 
C., Shriver, R. K., Linares, C., Garcia, M. B., Funk, W. C., Fitzpatrick, 
S. W., Morris, W. F., & DeMarche, M. L. (2021). A critical compari-
son of integral projection and matrix projection models for demo-
graphic analysis. Ecological Monographs, 91, e01447.

Doherty, P. F., Schreiber, E. A., Nichols, J. D., Hines, J. E., Link, W. A., 
Schenk, G. A., & Schreiber, R. W. (2004). Testing life history pre-
dictions in a long-lived seabird: A population matrix approach with 
improved parameter estimation. Oikos, 105, 606–618.

Drake, J. M. (2005). Population effects of increased climate varia-
tion. Proceedings of the Royal Society B: Biological Sciences, 272, 
1823–1827.

Easterling, M. R., Ellner, S. P., & Dixon, P. M. (2000). Size-specific sen-
sitivity: Applying a new structured population model. Ecology, 81, 
694–708.

Ebert, T. (1999). Plant and animal populations: Methods in demography. 
Academis Press.

Ellner, S. P., Childs, D. Z., & Rees, M. (2016). Data-driven modelling of struc-
tured populations. A practical guide to the integral projection model 
lecture notes on mathematical modelling in the life sciences. Springer 
International Publishing.

Evans, M. E. K., & Holsinger, K. E. (2012). Estimating covariation between 
vital rates: A simulation study of connected vs. separate general-
ized linear mixed models (GLMMs). Theoretical Population Biology, 
82, 299–306.

Evers, S. M., Knight, T. M., Inouye, D. W., Miller, T. E. X., Salguero-Gómez, 
R., Iler, A. M., & Compagnoni, A. (2021). Lagged and dormant sea-
son climate better predict plant vital rates than climate during the 
growing season. Global Change Biology, 27, 1927–1941.

Fay, R., Hamel, S., van de Pol, M., Gaillard, J. M., Yoccoz, N. G., Acker, 
P., Authier, M., Larue, B., le Coeur, C., Macdonald, K. R., Nicol-
Harper, A., Barbraud, C., Bonenfant, C., van Vuren, D., Cam, E., 
Delord, K., Gamelon, M., Moiron, M., Pelletier, F., … Saether, B. E. 
(2022). Temporal correlations among demographic parameters are 
ubiquitous but highly variable across species. Ecology Letters, 25, 
1640–1654.

Franco, M., & Silvertown, J. (2004). A comparative demography of plants 
based upon elasticities of vital rates. Ecology, 85, 531–538.

Gaillard, J. M., Festa-Bianchet, M., & Yoccoz, N. G. (1998). Population 
dynamics of large herbivores: Variable recruitment with constant 
adult survival. Trends in Ecology & Evolution, 13, 58–63.

Gaillard, J.-M., & Yoccoz, N. (2003). Temporal variation in survival of 
mammals: A case of environmental canalization? Ecology, 84, 
3294–3306.

https://compadre-db.org/Data/Comadre
https://compadre-db.org/Data/Comadre
https://zenodo.org/records/18300981
https://zenodo.org/records/18300981
https://orcid.org/0000-0001-7991-8807
https://orcid.org/0000-0001-7991-8807
https://orcid.org/0000-0002-2984-1810
https://orcid.org/0000-0002-2984-1810
https://orcid.org/0000-0002-6085-4433
https://orcid.org/0000-0002-6085-4433
https://orcid.org/0000-0002-6085-4433
https://doi.org/10.1101/2022.06.24.497542


12  |    SANTOS et al.

Gascoigne, S. J. L., Kajin, M., & Salguero-Gómez, R. (2024). Criteria for 
buffering in ecological modeling. Trends in Ecology & Evolution, 39, 
116–118.

Gascoigne, S. J. L., Kajin, M., Sepil, I., & Salguero-Gómez, R. (2024). 
Testing for efficacy in four measures of demographic buffering. 
EcoEvoRxiv, 0–2.

Gascoigne, S. J. L., Kajin, M., Tuljapurkar, S. D., Silva Santos, G., 
Compagnoni, A., Steiner, U. K., Vinton, A. C., Jaggi, H., Sepil, I., & 
Salguero-Gómez, R. (2025). Structured demographic buffering: A 
framework to explore the environmental components and demo-
graphic mechanisms underlying demographic buffering. Ecology 
Letters, 28, e70066.

Gascoigne, S. J. L., Rolph, S., Sankey, D., Nidadavolu, N., Stell Pičman, 
A. S., Hernández, C. M., Philpott, M. E. R., Salam, A., Bernard, 
C., Fenollosa, E., Lee, Y. J., McLean, J., Hetti Achchige Perera, S., 
Spacey, O. G., Kajin, M., Vinton, A. C., Archer, C. R., Burns, J. H., 
Buss, D. L., … Salguero-Gómez, R. (2023). A standard protocol to re-
port discrete stage-structured demographic information. Methods 
in Ecology and Evolution, 14, 2065–2083.

Gillespie, J. H. (1977). Natural selection for variances in offspring numbers: 
A new evolutionary principle. American Naturalist, 111, 1010–1014.

Grant, A., Benton, T. G., & Mar, N. (2007). Elasticity analysis for density-
dependent populations in stochastic environments. Ecology, 81, 
680–693.

Griffith, A. B. (2017). Perturbation approaches for integral projection 
models. Oikos, 126, 1675–1686.

Haridas, C. V., & Tuljapurkar, S. (2005). Elasticities in variable environ-
ments: Properties and implications. The American Naturalist, 166, 
481–495.

Haridas, C. V., & Tuljapurkar, S. (2007). Time, transients and elasticity. 
Ecology Letters, 10, 1143–1153.

Haridas, C. V., Tuljapurkar, S., & Coulson, T. (2009). Estimating stochas-
tic elasticities directly from longitudinal data. Ecology Letters, 12, 
806–812.

Healy, K., Ezard, T. H. G., Jones, O. R., Salguero-Gómez, R., & Buckley, 
Y. M. (2019). Animal life history is shaped by the pace of life and 
the distribution of age-specific mortality and reproduction. Nature 
Ecology & Evolution, 3, 1217–1224.

Heppell, S. S. (1998). Application of life-history theory and population 
model analysis to turtle conservation. Copeia, 1998, 367.

Hilde, C. H., Gamelon, M., Sæther, B.-E., Gaillard, J.-M., Yoccoz, N. G., 
& Pélabon, C. (2020). The demographic buffering hypothesis: 
Evidence and challenges. Trends in Ecology & Evolution, 35, 523–538.

Jäkäläniemi, A., Ramula, S., & Tuomi, J. (2013). Variability of import-
ant vital rates challenges the demographic buffering hypothesis. 
Evolutionary Ecology, 27, 533–545.

Jones, J. H. (2007). demogR: A package for the construction and analy-
sis of age-structured demographic models in R. Journal of Statistical 
Software, 22, 1–28.

Jones, J. H. (2011). Primates and the evolution of long, slow life histories. 
Current Biology, 21, R708–R717.

Kajin, M., Gentile, R., Almeida, P. J. A. L. D., Vieira, M. V., & Cerqueira, 
R. (2023). Vital rates, their variation and natural selection: A case 
for an Atlantic forest marsupial. Oecologia Australis, 27, 136–148. 
https://​doi.​org/​10.​4257/​oeco.​2023.​2702.​03

Kendall, B. E., Fujiwara, M., Diaz-Lopez, J., Schneider, S., Voigt, J., & 
Wiesner, S. (2019). Persistent problems in the construction of ma-
trix population models. Ecological Modelling, 406, 33–43.

Keyfitz, N., & Flieger, W. (1990). World population growth and aging: 
Demographic trends in the late twentieth century. University of 
Chicago Press.

Koons, D. N., Pavard, S., Baudisch, A., & Jessica E. Metcalf, C. (2009). 
Is life-history buffering or lability adaptive in stochastic environ-
ments? Oikos, 118, 972–980.

Lande, R. (1982). A quantitative genetic theory of life history evolution. 
Ecology, 63, 607–615.

Le Coeur, C., Yoccoz, N. G., Salguero-Gómez, R., & Vindenes, Y. (2022). 
Life history adaptations to fluctuating environments: Combined 
effects of demographic buffering and lability. Ecology Letters, 25, 
2107–2119.

Li, S., & Ramula, S. (2015). Demographic strategies of plant invaders 
in temporally varying environments. Population Ecology, 57(2), 
373–380.

McDonald, J. L., Franco, M., Townley, S., Ezard, T. H. G., Jelbert, K., & 
Hodgson, D. J. (2017). Divergent demographic strategies of plants 
in variable environments. Nature Ecology & Evolution, 1, 0029.

Miles, A., Bielcik, M., Banitz, T., Gallagher, C. A., Jeltsch, F., Jepsen, J. U., 
Oro, D., Radchuk, V., & Grimm, V. (2024). Defining ecological buffer 
mechanisms should consider diverse approaches. Trends in Ecology 
& Evolution, 39, 119–200.

Morris, W. F., Altmann, J., Brockman, D. K., Cords, M., Fedigan, L. M., 
Pusey, A. E., Stoinski, T. S., Bronikowski, A. M., Alberts, S. C., & 
Strier, K. B. (2011). Low demographic variability in wild primate 
populations: Fitness impacts of variation, covariation, and serial 
correlation in vital rates. The American Naturalist, 177, E14–E28.

Morris, W. F., & Doak, D. F. (2004). Buffering of life histories against en-
vironmental stochasticity: Accounting for a spurious correlation 
between the variabilities of vital rates and their contributions to 
fitness. The American Naturalist, 163, 579–590.

Morris, W. F., Pfister, C. A., Tuljapurkar, S., Haridas, C. V., Boggs, C. L., 
Boyce, M. S., Bruna, E. M., Church, D. R., Coulson, T., Doak, D. F., 
Forsyth, S., Gaillard, J. M., Horvitz, C. C., Kalisz, S., Kendall, B. E., 
Knight, T. M., Lee, C. T., & Menges, E. S. (2008). Longevity can buf-
fer plant and animal populations against changing climatic variabil-
ity. Ecology, 89, 19–25.

Münkemüller, T., Lavergne, S., Bzeznik, B., Dray, S., Jombart, T., Schiffers, 
K., & Thuiller, W. (2012). How to measure and test phylogenetic 
signal. Methods in Ecology and Evolution, 3, 743–756.

Pélabon, C., Hilde, C. H., Einum, S., & Gamelon, M. (2020). On the use of 
the coefficient of variation to quantify and compare trait variation. 
Evolution Letters, 4, 180–188.

Perret, D. L., Evans, M. E. K., & Sax, D. F. (2024). A species' response to 
spatial climatic variation does not predict its response to climate 
change. Proceedings of the National Academy of Sciences of the United 
States of America, 121, e2304404120.

Pfister, C. (1998). Patterns of variance in stage-structured populations: 
Evolutionary predictions and ecological implications. Proceedings of 
the National Academy of Sciences, 95, 213–218.

R Core Team. (2024). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Reed, A. W., & Slade, N. A. (2012). Buffering and plasticity in vital rates of 
oldfield rodents. Journal of Animal Ecology, 81, 953–959.

Reed, T. E., Waples, R. S., Schindler, D. E., Hard, J. J., & Kinnison, M. T. 
(2010). Phenotypic plasticity and population viability: The impor-
tance of environmental predictability. Proceedings of the Royal 
Society B: Biological Sciences, 277(1699), 3391–3400. https://​doi.​
org/​10.​1098/​rspb.​2010.​0771

Rodríguez-Caro, R. C., Capdevila, P., Graciá, E., Barbosa, J. M., Giménez, 
A., & Salguero-Gómez, R. (2021). The limits of demographic buffer-
ing in coping with environmental variation. Oikos, 130, 1346–1358.

Römer, G., Dahlgren, J. P., Salguero-Gómez, R., Stott, I. M., & Jones, O. R. 
(2024). Plant demographic knowledge is biased towards short-term 
studies of temperate-region herbaceous perennials. Oikos, 2024, 
e10250.

Rotella, J. J., Link, W. A., Chambert, T., Stauffer, G. E., & Garrott, R. A. 
(2012). Evaluating the demographic buffering hypothesis with vital 
rates estimated for Weddell seals from 30 years of mark-recapture 
data. Journal of Animal Ecology, 81, 162–173.

Salguero-Gómez, R. (2021). Commentary on the life history special 
issue: The fast-slow continuum is not the end-game of life history 
evolution, human or otherwise. Evolution and Human Behavior, 42, 
281–283.

https://doi.org/10.4257/oeco.2023.2702.03
https://doi.org/10.1098/rspb.2010.0771
https://doi.org/10.1098/rspb.2010.0771


    |  13SANTOS et al.

Salguero-Gómez, R. (2024). More social species live longer, have higher 
generation times, and longer reproductive windows. bioRxiv. 
https://​doi.​org/​10.​1101/​2024.​01.​22.​575897

Salguero-Gómez, R., Jones, O. R., Archer, C. R., Bein, C., de Buhr, H., 
Farack, C., Gottschalk, F., Hartmann, A., Henning, A., Hoppe, 
G., Römer, G., Ruoff, T., Sommer, V., Wille, J., Voigt, J., Zeh, S., 
Vieregg, D., Buckley, Y. M., Che-Castaldo, J., … Vaupel, J. W. (2016). 
COMADRE: A global data base of animal demography. Journal of 
Animal Ecology, 85, 371–384.

Santos, G. S., Yang, X., L Gascoigne, S. J., Compagnoni, A., Dias, A. T. C., 
Tuljapurkar, S., Kajin, M., & Salguero-Gómez, R. (2024). Population 
responses to environmental stochasticity are primarily driven by 
survival-reproduction trade-offs and mediated by aridity. bioRxiv. 
2024.07.24.604949.

Shyu, E., & Caswell, H. (2014). Calculating second derivatives of popula-
tion growth rates for ecology and evolution. Methods in Ecology and 
Evolution, 5, 473–482.

Simmonds, E. G., & Jones, O. R. (2024). Uncertainty propagation in ma-
trix population models: Gaps, importance and guidelines. Methods 
in Ecology and Evolution, 15, 427–438.

Stearns, S. C. (1976). Life-history tactics: A review of the ideas. The 
Quarterly Review of Biology, 51(1), 3–47. https://​doi.​org/​10.​1086/​
409052

Stearns, S. (1992). The evolution of life histories. Oxford University Press.
Stearns, S. C. (1983). The influence of size and phylogeny on patterns of 

covariation among life-history traits in the mammals. Oikos, 41, 173.
Stott, I., Salguero-Gómez, R., Jones, O. R., Ezard, T. H. G., Gamelon, 

M., Lachish, S., Lebreton, J.-D., Simmonds, E. G., Gaillard, J.-M., & 
Hodgson, D. J. (2024). Life histories are not just fast or slow. Trends 
in Ecology & Evolution, 39(9), 830–840. https://​doi.​org/​10.​1016/j.​
tree.​2024.​06.​001

Stubben, C., Milligan, B., Nantel, P., & Stubben, M. C. (2020). Package 
‘popbio’.

Sutherland, W. J., Freckleton, R. P., Godfray, H. C. J., Beissinger, S. R., 
Benton, T., Cameron, D. D., Carmel, Y., Coomes, D. A., Coulson, T., 
Emmerson, M. C., Hails, R. S., Hays, G. C., Hodgson, D. J., Hutchings, 
M. J., Johnson, D., Jones, J. P. G., Keeling, M. J., Kokko, H., Kunin, W. 
E., … Wiegand, T. (2013). Identification of 100 fundamental ecologi-
cal questions. Journal of Ecology, 101, 58–67.

Tuljapurkar, S. (1990). Population dynamics in variable environments. In 
S. Levin (Ed.), Lecture notes in biomathematics, lecture notes in bio-
mathematics. Springer Berlin Heidelberg.

Tuljapurkar, S. (2010). Environmental variance, population growth and 
evolution. The Journal of Animal Ecology, 79, 1–3.

Tuljapurkar, S., Gaillard, J.-M., & Coulson, T. (2009). From stochastic envi-
ronments to life histories and back. Philosophical Transactions of the 
Royal Society, B: Biological Sciences, 364, 1499–1509.

Tuljapurkar, S., Horvitz, C. C., & Pascarella, J. B. (2003). The many growth 
rates and elasticities of populations in random environments. The 
American Naturalist, 162, 489–502.

Tuljapurkar, S., Jaggi, H., Gascoigne, S. J. L., Zuo, W., Kajin, M., & Salguero-
Gómez, R. (2023). From disturbances to nonlinear fitness and back. 
bioRxiv, 2023.10.20.563360.

Tuljapurkar, S. D. (1982). Population dynamics in variable environments. 
III. Evolutionary dynamics of r-selection. Theoretical Population 
Biology, 21, 141–165.

Van Tienderen, P. H. (2000). Elasticities and the link between demo-
graphic and evolutionary dynamics. Ecology, 81, 666–679.

Vázquez, D. P., Gianoli, E., Morris, W. F., & Bozinovic, F. (2017). Ecological 
and evolutionary impacts of changing climatic variability. Biological 
Reviews, 92, 22–42.

Wang, J., Yang, X., Silva Santos, G., Ning, H., Li, T., Zhao, W., Si, X., Lu, 
S., & Li, S. (2023). Flexible demographic strategies promote the 
population persistence of a pioneer conifer tree (Pinus massoni-
ana) in ecological restoration. Forest Ecology and Management, 529, 
120727.

Zuidema, P. A., & Franco, M. (2001). Integrating vital rate variability into 
perturbation analysis: An evaluation for matrix population models 
of six plant species. Journal of Ecology, 89, 995–1005.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. The metadata used and the respective results presented 
in the main text.
Figure S1. Histogram showing the distribution of sampling effort 
duration (in years) across the 43 studied mammal populations. The 
x-axis represents the duration of the study (“Years sampled”).
Table S2. The species-specific scales for the elasticity of λ1 to changes 
in demographic processes and for the self-second derivatives of λ1 
with respect to demographic processes for the 16 mammal species 
studied.

How to cite this article: Santos, G. S., Gascoigne, S. J. L., 
Dias, A. T. C., Kajin, M., & Salguero-Gómez, R. (2026). 
Demographic buffering in natural populations: A multi-level 
perspective. Journal of Animal Ecology, 00, 1–13. https://doi.
org/10.1111/1365-2656.70226

https://doi.org/10.1101/2024.01.22.575897
https://doi.org/10.1086/409052
https://doi.org/10.1086/409052
https://doi.org/10.1016/j.tree.2024.06.001
https://doi.org/10.1016/j.tree.2024.06.001
https://doi.org/10.1111/1365-2656.70226
https://doi.org/10.1111/1365-2656.70226

	Demographic buffering in natural populations: A multi-level perspective
	Abstract
	1  |  INTRODUCTION
	1.1  |  Historical challenges and interpretations of demographic buffering
	1.2  |  Towards an integrative framework

	2  |  METHODS
	2.1  |  Population models—The building blocks to test the demographic buffering hypothesis
	2.2  |  Comparing population into a continuum from less to more buffered—The buffering signature
	2.3  |  Demographic processes, their first- and second-order effects on λs and types of selection on temporal variance
	2.4  |  Showcasing demographic buffering in a hypothetical species
	2.5  |  Demographic buffering in mammals: A case study

	3  |  RESULTS
	3.1  |  Making sense of the shape of natural selection in the context of demographic buffering

	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


