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Abstract
Population projections coupled with downscaled climate projections are a powerful tool that allows predicting future popula-
tion dynamics of vulnerable plants in the face of a changing climate. Traditional approaches used to predict the vulnerability 
of plants to climate change (e.g. species distribution models) fail to mechanistically describe the basis of a population’s 
dynamics and thus cannot be expected to correctly predict its temporal trends. In this study, we used a 23-year demographic 
dataset of the acuña cactus, an endangered species, to predict its population dynamics to the end of the century. We used 
integral projection models to describe its vital rates and population dynamics in relation to plant volume and key climatic 
variables. We used the resulting climate-driven IPM along with climatic projections to predict the population growth rates 
from 1991 to 2099. We found the average population growth rate of this population between 1991 and 2013 to be 0.70 (95% 
CI 0.61–0.79). This result confirms that the population of acuña cactus has been declining and that this decline is due to 
demographic structure and climate conditions. However, the projection model also predicts that, up to 2080, the population 
will remain relatively stable mainly due to the survival of its existing adult individuals. Notwithstanding, the long-term 
viability of the populations can only be achieved through the recruitment of new individuals.
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Introduction

Desert ecosystems in western North America are predicted 
to be severely affected by future climate change (IPCC 
2014). Specifically, for Southwestern United States and 

north-western Mexico it is predicted that temperature will 
increase and precipitation will be less certain, decreas-
ing in winter and increasing in summer (Christensen and 
Lettenmaier 2007; Gao et al. 2012; Overpeck et al. 2013; 
Seager et al. 2007). Additionally, changes in these environ-
mental parameters are expected to threaten the biodiversity 
of desert ecosystems (Sala et al. 2000). Yet, the effects of 
climate change on basic population parameters (i.e. vital 
and growth rates), necessary for the prediction of future 
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population status, are virtually unknown for many species, 
especially for those desert plant species that are rare and 
spatially restricted. It is important to understand the popula-
tion dynamics of such populations to be able to predict their 
fate in the next decades and take appropriate conservation 
measures that guarantee their persistence.

There have been many attempts to predict the future of 
species due to climate change. These attempts have focused 
mainly on predicting changes in the spatial distribution of 
species, but neglecting the temporal prediction of species 
abundance (Butler et al. 2012; Carrillo-Angeles et al. 2016; 
Dawson et al. 2011; Kearney et al. 2010; Munson et al. 2012; 
Pearson and Dawson 2003; Vale and Brito 2015). Popula-
tion models use detailed demographic data to assess changes 
in population abundance in time and therefore are useful 
to predict population responses to future climate change in 
spatially restricted species (Stillman et al. 2014). To predict 
changes in abundances for long-lived iteroparous perenni-
als, long-term population surveys are required to estimate 
their population growth rate (λ) (Caswell 2001; Clutton-
Brock and Sheldon 2010). In addition, the effect of changes 
in abiotic parameters such as the amount and variation in 
temperature and precipitation on vital rates and population 
dynamics can be incorporated into vital rate analysis to help 
us understand how plant populations respond to the environ-
ment and how they are likely to respond under future sce-
narios of climate change (Dahlgren and Ehrlén 2009; Ehrlén 
and Morris 2015; Ehrlén et al. 2016).

There are few studies that build population models for 
endangered cacti and even fewer that attempt to project 
their population dynamics in a changing climate scenario. 
A 9-year demographic study of Mammillaria gaumeri, an 
endemic globose cactus of the Yucatán Peninsula in Mexico, 
demonstrated that most populations of this species tend to 
decrease in most years (Ferrer-Cervantes et al. 2012). The 
authors attribute the decline to anthropogenic and extreme 
climatic disturbances, but no attempt was made to model 
the population dynamics of the species as a function of 
climate. Another recent example of population projections 
using long-term demography showed that the endangered 
semi-globular cactus Pediocactus bradyi is vulnerable to 
extinction due to increases in drought in the coming decades 
(Shryock et al. 2014). However, that study did not explicitly 
include climatic variables when modelling its vital rates, but 
only assumes such a relationship, and thus cannot be used to 
predict population growth rates with environmental changes. 
In cacti, survivorship is the vital rate that mostly contributes 
to population growth rate, being the adults the most impor-
tant stage category (Godínez-Álvarez et al. 2003).

Desert plants might be more resilient to global environ-
mental change than we generally assume. They possess 
adaptations that help them cope with drought and uncertain 
precipitation. For instance, Salguero-Gómez et al. (2012) 

projected population dynamics of two desert species under 
future climate change predictions and found that desert 
plants might have the potential to buffer the increase in the 
variability of precipitation via their adaptations to uncer-
tainty. They argued that correlative approaches to study cli-
mate change effects on desert plants are often biased by use 
of precipitation averages, and proposed that the inherently 
high variation of deserts makes inclusion of precipitation 
variation critical. This is particularly so in considering vital 
rates of desert plants. The community of desert plants might 
also have species-specific responses to predicted changes 
in climate. Species of cacti in the Sonoran Desert were 
observed to increase in cover under hotter and drier condi-
tions experienced in the past 40 years in a study that used 
long-term vegetation monitoring data (Munson et al. 2012). 
The authors attribute this increase to the decrease in the 
frequency of freezing events, which is giving cacti more 
opportunities for recruitment events. Indeed, cacti species 
are known to be limited by freezing events in seedling estab-
lishment (Steenbergh and Lowe 1969).

In this paper, we describe a 23-year demographic record 
of a population of acuña cactus, Echinomastus erectocentrus 
var. acunensis, an endangered species in Mexico and the 
USA, from six permanent plots located in the Organ Pipe 
Cactus National Monument (OPCNM), Arizona. We mod-
elled the long-term demographic dynamics considering the 
effect of climatic factors on key vital rates (growth, survival, 
probability of reproducing, and reproductive success) and on 
population size. Finally, we used these climate-driven long-
term demographic models coupled with statistically down-
scaled climate projections to predict the vital rates and the 
population size under predicted future climatic conditions. 
We asked the following questions: 1) What is the average 
population trend of acuña cactus in OPCNM? and 2) What 
is the future of this endangered species under a predicted 
severe IPCC scenario of climate change?

Materials and methods

Study species

Acuña cactus, E. erectocentrus var. acunensis (Engelm.) E. 
M. Baxter, is a small globular cactus that can reach 40 cm 
in height and 9 cm in width (Zimmerman and Parfitt 2003), 
endemic to OPCNM and its surroundings (Holm 2014). The 
species occurs in isolated patches at the top of small granite 
knolls and mesas, on cobble and coarse gravel substrata. 
Adult individuals are generally not associated with any other 
perennial plant. However, germination of new seedlings usu-
ally occurs near or under small rock fragments or crevices.

Acuña cactus was listed as an endangered species in 
2013 under the US Endangered Species Act, stating that 
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its population decline results from habitat destruction and 
modification, long-term drought, climate change effects, 
and border-related activities (US Fish and Wildlife Service 
2013). This cactus was of concern even before 2013 due to 
its rareness and patchy distribution. Within OPCNM, a sin-
gle population exists with a distribution limited to ~ 12 km2.

Study site and long‑term plots

Six long-term plots were established at OPCNM between 
1977 and 1988, first by William Buskirk and students, who 
initially surveyed and mapped the acuña cactus population 
at the Acuña Basin in OPCNM and established four plots 
(Buskirk 1981; Phillips III and Buskirk 1982), with two addi-
tional plots established in 1988 by Ruffner Associates (1995) 
as part of the special status plant inventory and monitoring 
programme at OPCNM (Holm 2014). The permanent plots 
involved locating and marking every plant (including small 
seedlings) within six 1000-m2 plots and measuring their 
growth, survival and reproductive output from year to year. 
Individual growth was derived from measured height (H) 
and the mean of two stem widths (W); from those measures, 
we approximated each plant’s size as a cylindrical volume 
(πW2H/4) and growth as the difference in volume from 1 
year to the next. Individual survival was directly determined 
by observing these marked plants each year. Reproductive 
effort was estimated by counting the number of flowers at the 
beginning of the reproductive season and the number of fruits 
at the end of this season. From 1988 to 2004, only flowers 
were counted, so we used the mean fruit set of the 2005–2013 
period to account for fruit set during these first years. From 
1988 to date, staff from the Natural Resources Division from 
OPCNM has monitored these plots every year.

Measurement of climatic variables

We were interested in the relationship between acuña cactus 
vital rates and climatic variables likely to drive population 
dynamics in this desert species. Therefore, we measured cli-
matic variables associated with temperature and water avail-
ability. These variables were based on data from April 1 to 
the following March 31 each year, thus corresponding to cen-
sus and vital rates measurements performed in March every 
year. Precipitation was measured with a tipping bucket-type 
rain gauge, and temperatures were measured with tempera-
ture sensors (from a weather station in the Acuña Basin since 
May 1988 and managed by OPCNM). Annual precipitation 
was estimated as the sum, P, and standard deviation, σ(P), 
of precipitation (in mm) from the months of April through 
March. Temperature was similarly estimated as the mean, T, 
and standard deviation, σ(T), of daily average temperatures 
from April through March. Mean and standard deviation of 
minimum temperatures were estimated as the average and 

standard deviation of daily minimum temperatures, min(T), 
and σ(min(T)). Because climatic changes can have long-lasting 
effects on plant demography (Dalgleish et al. 2011), we also 
analysed 1- and 2-year time lags of the same climatic vari-
ables. These time lags spanned from April 1 of two and three 
previous years, respectively, to March 31 of the current (cen-
sus) year. All climatic variables are listed in Table 1.

Modelling the population dynamics

We modelled the population dynamics of acuña cactus with 
an integral projection model (IPM) using the OPCNM 23-year 
dataset (1991–2013). IPMs describe the dynamics of popula-
tions using continuous individual-level state variables in dis-
crete time (Easterling et al. 2000). Compared with classical 
matrix population models, IPMs use a continuous function, 
instead of a matrix, to project future population size and struc-
ture. This continuous function, known as the kernel, integrates 
the functions associated with the vital rates:

where s describes the probability of an individual of size z to 
survive from time t to t + 1 under climate conditions W, g is 
the probability of a surviving individual of size z to change 
at time t + 1 to a size z’ under W climate conditions, f1 is the 
average number of newborns a size z individual will have at 
time t + 1 under a W climate, and f2 is the size distribution of 
newborns. Note that, given the limited number of newborns 
observed over the 23 years, f2 is assumed to be constant with 
respect to climate.

Once the kernel is constructed, projected population size 
and structures are obtained iteratively through the equation

(1)k
(

z, z�,W
)

= s(z,W)g
(

z, z�,W
)

+ f1(z,W)f2
(

z�
)

,

(2)nt+1(z
�) = ∫ k

(

z, z�,Wt

)

nt(z)dz,

Table 1  Climate variables used to build climate-driven vital rates and 
their definition

Nomenclature Climatic variable

P0 Current annual precipitation
σ(P0) Standard deviation of P0

P−2 2-Year delayed precipitation
σ(P−2) Standard deviation of P−2

T0 Current average temperature
σ(T0) Standard deviation of T0

T−2 2-Year delayed average temperature
σ(T−2) Standard deviation of T−2

min(T0) Current minimum temperature
σ(min(T0)) Standard deviation of min(T0)
min(T−2) 2-Year delayed minimum temperature
σ(min(T−2)) Standard deviation of min(T–2)
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where nt is the size structure at time t and Wt are the climate 
conditions observed or expected at time t.

With the kernel, we then estimated the associated popu-
lation sizes and its confidence intervals (Ellner et al. 2006; 
Picard et  al. 2009). Population sizes over the projected 
period were obtained by integrating the population struc-
tures, which in turn were obtained through the iterating pro-
cess described by Eq. 2 (Caswell 2001; Ellner et al. 2016); 
confidence intervals were obtained through bootstrapping 
following Bolker (2008) in R (R Core Team 2016). In practi-
cal terms, the IPM kernel and the size structure in Eq. 2 have 
to be approximated by a matrix and a vector, respectively; in 
our case, we did this through a 100-by-100-cell matrix and a 
100-cell vector (Easterling et al. 2000; Merow et al. 2014).

Modelling the vital rates

For all vital rates, we fitted generalized linear mixed models 
(GLMMs) using plant volume (at time t) and the climatic 
variables as explanatory variables (Metcalf et al. 2015). We 
used volume, as it has been found to be a better predictor 
of reproduction rather than height in this species (Johnson 
1992). To achieve normality and ease model fitting, volume 
was transformed by the cube root and then normalized (cube 
root minus the population mean, divided by the standard 
deviation), resulting in a normalized plant volume (NPV); 
climate variables were also normalized. We explored linear 
and quadratic relationships to consider linear and nonlinear 
changes in vital rates as a function of plant volume. NPV 
and normalized climatic variables were considered as fixed 
variables and year as a random variable in the model of each 
vital rate. We constructed all possible models resulting from 
the combination of explanatory variables (including all pos-
sible interactions). The best model was selected through the 
sample-corrected Akaike information criterion (AICc). Only 
the best model of each vital rate was used in the construction 
of the kernel.

In order to model the incorporation of new individuals in 
the population, i.e. f1 in Eq. 1, we decomposed this process 
into (1) the probability a z-sized individual under climate 
conditions W has of reproducing (h1), (2) the expected num-
ber of flowers this individual would produce (h2), (3) the 
probability each flower has of developing into a fruit under 
W conditions (h3), (4) the mean number of seeds a fruit has 
(c1), and (5) the probability of transition from a seed to a 
10-month-old seedling (c2), i.e.

To estimate c1, we counted the total number of seeds in 27 
randomly collected fruits in May 2017 and averaged them. In 
turn, c2 was estimated through inverse estimation (González 
et  al. 2016). We considered 1000 potential transition 

(3)f1(x,W) = h0(x,W)h1(x,W)h2
(

h1,W
)

c1c2.

probabilities (between 1 × 10−6 and 1 × 10−4 10-month-old 
seedlings per seed) and selected which produced the smallest 
sum of squares between the observed and expected number 
of seedlings.

The frequency distribution of seedling sizes, i.e. f2 in Eq. 1, 
was estimated using the subset of individuals smaller than 
120 mm3 from the long-term dataset, calculating its mean (μ2) 
and standard deviation (σ2) and fitting a normal distribution 
with these parameter values, i.e.

Model fitting and selection were performed with the lme4 
and AICcmodavg packages, respectively (Bates et al. 2015; 
Mazzerole 2017) in R (R Core Team 2018). The code is pro-
vided in Online Resource 1.

Simulating population size and structure for a local 
climate change scenario

In order to project future population size and structure, we 
used the IPM developed in the previous section and the bias-
corrected and downscaled climate variables generated by the 
Coupled Model Intercomparison Project Phase 5 (CMIP5; 
Maurer et al. 2007; Reclamation 2013). CMIP5 climate pro-
jections ranged from January 2020 to December 2099 from 
the North America Land Data Assimilation System (NLDAS) 
domain, covering a spatial rectangle from 31.81° to 32.31°N, 
and from 112.68° to 113.31°W, and with a climate change gas 
emission scenario using a representative concentration pathway 
of 6.0 W/m2. Monthly mean and standard deviation of climate 
variables were averaged to yearly variables, both current and 
with a delay of 2 years. Because precipitation rate was given by 
the CMIP5 in a scale of mm/day, we transformed this rate by 
the different number of days of each month within a year start-
ing on April (in accordance with the measurement of climatic 
variables in the sampled plots). We used yearly averages from 
1991 to 2099 of the mean and the standard deviation of average 
temperature, minimum temperature, and total precipitation per 
month to project vital rates into the future with the RCP 6.0 
climate change scenario (Online resource 2). Projected vital 
rates were then used to assemble 108 new kernels that would 
predict population size and structure from 1991 to 2099. With 
these kernels, we constructed a time series of future population 
sizes and structures for the acuña cactus at OPCNM.

Results

The number of individuals within the plots of acuña cactus 
in OPCNM is in decline (Fig. 1). The sharpest decline in 
the number of individuals within the plots occurred between 
1996 and 1999: a 41% decrease from 354 to 146 individuals.

(4)f2(y) = N(�2, �2)
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Modelled population dynamics and vital rates

The average population finite rate of increase (λ) from 1991 
to 2013 was 0.7 (CI 0.61, 0.79); hence, the population has 
been declining on average from 1991 to 2013. This can also 
be seen on the individual counts of cactus within the plots 
(Fig. 1). The 95% confidence intervals fall around average 
lambda with values of 0.61 and 0.79 and followed a normal 
distribution (Fig. 2).

In the selected models, quadratic relationships of NPV 
to the vital rates were always better than linear ones, so, for 
the rest of the analysis, we are considering only quadratic 
relationships. Multiple independent and interactive effects 
between temperature and precipitation variables, including 
time-lagged variables, showed important influences on vital 
rates.

The best supported survival model is described by

 where z is NPV, w1 is normalized σ(P0), w2 is normalized 
min(T−2), and w3 is normalized σ(min(T−2)) (Table  1). 

s
(

z,w1,w2,w3

)

= logistic
(

2.03 + 35.9z− 49.3z2

− 0.07w1−0.07w2− 0.28w3

+ 15.71zw1 + 18.24z2w1− 16.3zw2

− 4.7z2w2− 0.7w1w2 + 2.4zw3

− 10.9z2w3 + 0.9w1w3 + 0.3w2w3

− 20.7zw1w2 + 11.1z2w1w2

− 26.6zw1w3 + 5.6z2w1w3

+ 22.4zw2w3 + 9.4z2w2w3

+ 0.2w1w2w3− 15.7zw1w2w3

− 8.7z2w1w2w3

)

,

Survival was highest for individuals of intermediate size 
(Fig. 3a), with a very rapid increase at small size followed 
by a steady, gradual decrease over larger sizes.

Mean growth is best described by

where w4 is normalized P0, w5 is normalized T0, w6 is nor-
malized σ(T0) (Table 1). Individual growth was a weakly 
decaying function of cactus size (Fig. 3b).

Mean reproduction probability is described by the function:

gi(z,w4,w5,w6) = 0.22 + 59.9z− 4.2z2 + 0.2w4−0.002w1

+ 0.03w5−0.1w6 + 6.3zw4− 1.8z2w4

−0.69zw1− 0.3z2w1− 0.05w4w1

+ 1.5zw5− 0.5z2w5 + 0.21w4w5

− 0.2w1w5− 3.6zw6 + 1.2z2w6

− 0.1w4w6 + 0.01w1w6− 0.07w5w6

− 3.0zw4w1 + 0.5z2w4w1 + 6.0zw4w5

− 1.7z2w4w5− 8.1zw1w5 + 3.0z2w1w5

+ 0.2w4w1w5− 3.4zw4w6 + 1.4z2w4w6

+ 2.7zw1w6− 0.2z2w1w6 + 0.2w4w1w6

− 2.4zw5w6− 0.01z2w5w6 + 0.5w4w1w6

+ 6.2zw4w1w5− 1.6z2w4w1w5

+ 8.5zw4w1w6− 1.9z2w4w1w6

+ 13.4zw1w5w6− 5.02z2w1w5w6

+ 0.4w4w1w5w6 + 7.9zw4w1w5w6

− 5.1z2w4w1w5w6,

h0

(

z,w5,w2

)

= logistic
(

−2.0 + 180.8z− 80.0z2− 0.2w5

+ 0.4w2− 19.6zw5 + 9.7z2w5

− 27.2zw2− 12.9z2w2

)

.

Fig. 1  Total number of individuals (Nt) of acuña cactus on the six 
long-term demographic monitoring plots in Organ Pipe Cactus 
National Monument (dots and line; left axis). All established indi-
viduals from the plots are pooled together. Bars represent the total 
summed annual precipitation (right axis)

Fig. 2  Bootstrapped probability density function of the estimated 
mean annual population growth rate (λ) for the Organ Pipe Cactus 
National Monument acuña cactus population. 95% confidence inter-
val is indicated with vertical black lines
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The probability of reproduction was highest over interme-
diate sizes and decreased steadily among larger individuals 
(Fig. 3c).

The number of flowers is described by:

h1

(

z,w4,w5,w7

)

= exp
(

1.6 + 15.7z− 2.5z2 + 0.3w4

− 0.1w7 + 0.05w5− 1.2zw4− 1.6z2w4

+ 1.3zw7 + 2.3z2w7 + 0.01w4w7

− 1.6zw5 + 0.4z2w5 + 0.1w4w5

+ 0.1w7w5− 1.3zw4w7− 0.1z2w4w7

+ 0.1w4w7w5− 2.4zw4w7w5

− 5.6z2w4w7w5

)

,

Fig. 3  Modelled vital rates of the population of acuña cactus at Organ 
Pipe Cactus National Monument under mean climatic conditions. a 
Probability of survival in relation to plant volume. b Relationship 
between plant volume at time t and that at time t + 1. c Probability of 

reproduction in relation to plant volume at time t. d Number of flow-
ers in relation to plant volume at time t. e Kernel associated with the 
integral projection model
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 where w7 is normalized σ(P−2) (Table 1). The number of 
flowers increased with plant volume in a weakly decaying 
functional relationship (Fig. 3d).

The flower-to-fruit conversion function is:

where w8 is normalized P−2 and w9 is T−2 (Table 1).
The number of seeds per fruit (c1) was estimated to be on 

average 70.73 seeds with a standard deviation of 19.57 seeds. 
The estimated probability of transition (c2) was 5.5 × 10−05 
(Online Resource 3).

Finally, the resulting kernel is depicted in Fig. 3e, describ-
ing the dynamics of the studied population.

Projected vital rates and population size 
and structure under climate change

Projecting population size from 1991 to 2099 with an RCP 
6.0 emission scenario resulted in a sharp decline that corre-
sponds to the actual decline observed in the plots (Fig. 4a). 
However, after this decline, the model also predicts a rela-
tively stable population size at least until 2070. This sta-
bility is mainly due to the survival of adult individuals 
under climate change (Fig. 4b). After 2070, the population 
projection also predicts another sharp decline in population 
size due to the mortality of adults (Fig. 4b). All predictions 
of this model are climate-driven, and therefore, differences 
between the projected and observed population sizes point 
to other influences external to climate (Fig. 4a).

h2

(

w4, w8,w9

)

= logistic
(

4.0 + 4.0w4 + 2.5w8

+ 2.3w9 + 5.4w4w8 + 2.1w4w9

+ 0.1w8w9 + 2.7w4w8w9

)

,

Discussion

In this study, we modelled the population dynamics of the 
critically imperilled acuña cactus utilizing a long-term 
monitoring dataset generated by the Ecological Monitoring 
Program at OPCNM. We constructed an IPM using climate-
driven models of vital rates and used this IPM to project 
future population dynamics by coupling them with bias-
corrected and statistically downscaled climatic projections 
specific to the habitat site of the species. Our results suggest 
that the OPCNM population may not be vulnerable to cli-
matic variables, which are predicted to change by the end of 
the century, and that we used to represent direct effects of 
projected climate change scenarios. This is not necessarily 
surprising for a desert-adapted organism, or novel for desert 
plants. For example, Salguero-Gómez et al. (2012) found 
a positive trend in the projected population growth rate in 
relation to a changing climate of Cryptantha flava and Car-
richtera annua in the Mediterranean basin and Great Basin 
Desert, respectively. As in our case, they found unexpected 
or counterintuitive results, which they explained as reflecting 
adaptation of desert plants to unpredictable environments. 
However, that study covered species in cooler, more temper-
ate climates, whereas we studied a steep population decline 
in the Sonoran Desert, where negative effects of climate 
change are more likely.

However, this lack of a response of the acuña dynamics 
to climate change does not mean that the population will 
remain viable in the foreseeable future. This is because 
the inherent demography of this population shows that 
the survival of adults is the only process that sustains the 
population as no new individuals are being recruited. Thus, 

(a)

Plant volume (cm3)

Ye
ar

Population structure

(b)

Fig. 4  a Projected population sizes using a climate-driven integral 
projection model (black) and observed numbers of plants (green) 
from 1991 to 2099. Grey lines in a represent 95% confidence band 

around the projection. b Projected population structures using a cli-
mate-driven integral projection model. Colour version of this figure is 
available online (colour figure online)
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the population will be viable as long as adult individuals 
survive. According to our model, the population will crash 
around 2070 due to the death of the last adults. Notably, the 
confidence band of the population size projection is inher-
ently wide because it reflects the sources of uncertainty asso-
ciated with the vital rates. However, the confidence band still 
maintains the pattern of stability up to 2070; the predicted 
population sizes are shown in Fig. 4a.

In our study, all vital rates showed to be dependent on 
climate. (See equations in Results section.) Survival and 
growth were affected by multiple interactions between pre-
cipitation and temperature. The probability of reproduction 
was influenced mostly by temperature variables, and repro-
ductive effort was influenced by both temperature and pre-
cipitation. Examining the direct effects that affect survival 
on the acuña cactus, we see that minimum temperature has 
the strongest (negative) effect on survival. Minimum tem-
perature is predicted to increase by the end of the century 
(see Online resource 2), but it might not be strong enough 
to affect the population projection that otherwise we would 
see a constant decrease in population size associated with 
an increase in the temperature. The relationship between 
climate variables and vitals rates is complex due to these 
multiple interactions between vital rates and climate vari-
ables. This study is not considering germination success of 
seeds because this is very difficult to measure in the field. 
However, preliminary seed germination data show that opti-
mal temperatures for germination of E. erectocentrus in the 
laboratory are higher than other more studied cacti species. 
For instance, the optimal temperature for the saguaro cac-
tus (Carnegiea gigantea) and other cacti species is 25 °C 
(Alcorn and Kurtz 1959; Rojas-Aréchiga and Vázquez-Yanes 
2000). Optimal temperature for germination in acuña cactus 
is estimated to be at 40°C (E. Larios, unpublished data), 
as estimated from thermal time models (Allen et al. 2007; 
Alvarado and Bradford 2002).

As a member of the family Cactaceae, acuña cactus pre-
sents both succulence and the CAM photosynthetic pathway 
that might explain its resilience to changes in environmen-
tal conditions. The majority of water retained within cactus 
plants is located in parenchyma, protecting cacti up to 80% 
loss of water, which results only in the loss of turgor in the 
parenchyma, but not in the chlorenchyma, responsible for 
photosynthesis in the plant (Smith et al. 2012). Temperature 
plays an important role in  CO2 uptake and tissue acidifica-
tion in CAM and succulent plants, especially with minimum 
temperatures. These plants are also able to quickly acclimate 
to rising temperatures, especially for  CO2 uptake (Nobel 
1985). The capacity of acclimation of  CO2 uptake to rising 
temperatures might explain the low influence of temperature 
on the expected growth and survival of individuals of acuña 
cactus in OPCNM. Thus, these adaptations to drought and 

high temperature may permit cacti and other CAM plants 
to survive long-term drought and unpredictable precipita-
tion, and may explain the generally weak short-term direct 
effects of climatic variables we found on the vital rates of 
acuña cactus.

Our results, coupled with the marked population declines 
for the species, suggest that these declines must have more 
complex or long-term relationships to climate that may be 
related to biotic factors such as insect and small mammal 
predation and herbivory (U.S Fish and Wildlife Service 
2013), which themselves may have complex climatic rela-
tionships. For example, Flesch et al. (2017), also working 
at OPCNM, found that lizard abundances were related to 
minimum daily temperatures, but in the reverse way that 
acuña cactus was affected. Several species of terrestrial 
lizards occur on our study area (Rosen and Lowe 1996) 
and are likely key insectivores on such a locally xeric area, 
and the decline of lizards could have resulted in increased 
insect attack on the cacti. Similarly, Rosen (2000) found 
that larger species of small mammals, including woodrats 
(Neotoma albigula), ground squirrels (Spermophilus ter-
eticaudus, Ammospermophilus harrisii), and lagomorphs 
(Sylvilagus audubonii, Lepus californicus), increased dur-
ing the mid–late 1990s, which may have contributed to the 
acuña cactus population crash. Whereas lizards are fore-
casted to decline globally in warm regions (Sinervo et al. 
2010), some predators of small mammals have reportedly 
declined in several areas globally, such as snakes (Reading 
et al. 2010), which are especially important in deserts. Thus, 
the relevant effects of climate change on endangered plants 
could be complex in unanticipated ways. Finally, it is also 
unknown whether there is seed dispersal between popula-
tions that, although geographically isolated, are not very 
distant from the population in the OPCNM. Thus, further 
research is required to determine the conservation status of 
the study population and the species as a whole.

Undoubtedly, the long-term demographic dataset and 
monitoring of climate and key food web associates of the 
cactus by the National Park Service Ecological Monitoring 
Program at OPCNM will be of paramount importance to 
make informed decisions for conservation management in a 
rapidly changing climate. Our results suggest that interpreta-
tion of the demographic monitoring results will benefit from 
a focus on mechanisms such as causes of mortality and inter-
acting populations, as well as further analytic approaches as 
long-term data accrue. Although the endangered population 
of acuña cactus in the OPCNM has experienced a major 
decline, we cannot conclude that this decline is directly 
due to ongoing climate change, although the severity of 
decline at a time of rapid warming and highly variable pre-
cipitation strongly inhibits a rejection of any climate change 
connection.
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