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Abstract. Population demography is typically assumed to be strongly influenced by climatic factors, partic-
ularly with succulent plants and cacti. The saguaro cactus (Carnegiea gigantea) is a long-lived columnar cactus
of the Sonoran Desert that experiences episodic recruitment and mortality. Previous studies have attributed
long-term changes in saguaro populations to climatic factors, including increased germination and establish-
ment during wet periods and mortality and reduced establishment during droughts and extreme freezes. We
used a 48-yr data set of marked individuals at the Desert Laboratory in Tucson, Arizona, to test the hypothe-
sis that local, temporal population trajectories are mediated by topographic heterogeneity that interacts with
fluctuating climatic conditions. We tested the influence of local slope and aspect vs. climatic variability on a
population of saguaro using >5800 marked individuals that have been measured since 1964. We examined
the relationship between demography and climatic variables (drought, precipitation, and extreme tempera-
tures) and found significant differences in growth and survival among aspects and among census periods.
Saguaro population growth was higher during wet and cool periods (e.g., 1964–1970), and changes in age
structures suggest that topographic differences interact with climatic fluctuations to produce unexpected
demographic patterns including large recruitment events during periods of relatively unfavorable climate
conditions. Our results highlight the importance of long-term data to detect demographic responses to climate
that could not be predicted from short-term studies of plant physiology and population demography.

Key words: Carnegiea gigantea; climate change; demography; desert plants; drought; extreme temperatures; mortality;
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INTRODUCTION

Spatio-temporal heterogeneity of biotic and
abiotic factors plays an important role in modu-
lating how climatic fluctuations affect population
dynamics at local and regional scales (Lenoir
et al. 2013). In plants, spatial heterogeneity buf-
fers populations from fluctuations in environ-
mental conditions that enhance or hinder plant
establishment (Randin et al. 2009, Butterfield

et al. 2010), and can promote long-term popula-
tion persistence and species coexistence (Har-
rison and Taylor 1997, Chesson 2000, Sears and
Chesson 2007). Factors producing spatial hetero-
geneity relevant for individual plant recruitment
include physiographic factors such as landscape
position, aspect, and slope among others (Turner
1990, Dobrowski 2011, Winkler et al. 2018). The
effects of these factors can vary in space and
time, interact with climatic variability, and
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influence species persistence differentially at var-
ious spatial scales or for a certain time (Graff and
Aguilar 2017). For example, microhabitats that
are suitable for the recruitment and persistence
of a species oftentimes create a spatial signal in
vital rates that are only detectable at certain spa-
tial scales (Wisdom et al. 2000) and at the tempo-
ral scale of the species’ demography (Dobrowski
2011). This is especially true in long-lived species
with life histories that are difficult to measure
and slow to respond to climate variability (Gold-
berg and Turner 1986, Butterfield et al. 2010,
Kroiss and HilleRisLambers 2015). Thus, the
uncertainties around which factors produce rele-
vant spatial heterogeneities create difficulties
when attempting to predict when and where
plant species will respond to climate change.

Modeling populations of long-lived perennials
is challenging given the time scale at which they
respond to change (Morris et al. 2008) in addi-
tion to the spatial variation in the multitude of
biotic and abiotic factors that influence popula-
tion dynamics (Wright et al. 2014, Kroiss and
HilleRisLambers 2015). The interaction of spatial
and temporal heterogeneity adds further compli-
cation to understanding past and predicting
future dynamics (Freestone and Inouye 2006,
Conlisk et al. 2018, Winkler et al. 2019a, 2019b).
When key factors that benefit species persistence
in otherwise unfavorable conditions are ignored,
model predictions will likely underestimate spe-
cies performance; likewise, models will overesti-
mate species performance if they ignore factors
restricting species persistence (Ashcroft 2010).
For example, if precipitation and topography
interact to produce spatial heterogeneity in water
availability relevant for plant survival, predicting
future species distributions based only on the
independent effects of both factors will give
wrong answers. As a result, the interactions of
the full suite of climatic and topographic drivers
of demographic rates need to be considered
when modeling past and future dynamics.

Methods that aim to predict species responses
to climate usually incorporate spatial heterogene-
ity as a modifier of response functions to climatic
variables, but typically do not include interaction
functions, though this is rapidly changing in
recent years (Dobrowski 2011, Clark et al. 2014,
Oldfather and Ackerly 2019). Environmentally
induced variation in life-history traits such as

survival rates, reproduction, or recruitment is
typically modeled as random fluctuations of
mean vital rates (Akcakaya et al. 2004), though
this is also rapidly changing (Bellier et al. 2018,
Yang et al. 2019). Additionally, spatial hetero-
geneity is usually treated as additive to climate
by specifying these functions for different habi-
tats. This approach largely ignores the interac-
tion between climate and spatial heterogeneity.
Recent studies have suggested that fine-scale
topographic heterogeneity (at a scale of 0.01–
1 km) in climate (topoclimate; sensu Ackerly
et al. 2010) can significantly buffer populations
from the local impacts of climate change (Randin
et al. 2009, Willis and Bhagwat 2009, Ackerly
et al. 2010). Thus, explicitly considering fine-
scale topographic heterogeneity appears essential
to predict species responses to future environ-
mental change. Yet, a thorough approach that
detects and explicitly incorporates correlations
among life-history parameters and topographic
variables is likely needed to accurately estimate
changes in species’ life-history transitions across
a landscape.
The saguaro cactus (Carnegiea gigantea [Engelm.]

Britt. and Rose) is an iconic columnar cactus in
the Sonoran Desert with a range extending from
southern Arizona south through Sonora and into
northwestern Sinaloa, Mexico (Hastings 1961,
Turner et al. 1995). Its ecological prominence in
the upper Sonoran Desert and its importance as
a food and habitat resource for many species
underscore its importance as a keystone species
(Steenbergh 1983, Turner et al. 1995). Numerous
studies have addressed the ecology and growth
rates of this species, mostly focusing on age–
height relationships to develop an expected
population-level age structure, and then compar-
ing that age structure to long-term climatic
fluctuations (Pierson et al. 2013). Additionally,
previous studies have shown that survival of
small saguaro is reduced by freezing (Shreve
and Hinckley 1937, Steenbergh and Lowe 1977,
Nobel et al. 1986) and that individual growth
rates and branch production (a proxy for repro-
ductive potential) are favored under wet condi-
tions during summer and winter (Drezner 2003,
2005, Pierson et al. 2013). Saguaro populations
have episodic recruitment that coincides with
multiyear periods of higher-than-average precip-
itation (Jordan and Nobel 1982, Turner 1990,
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Winkler et al. 2018). Some studies have shown
that recruitment also relates to below-average
maximum summer temperatures (Steenbergh
and Lowe 1977, Drezner and Balling 2002). This
tight climatic control on recruitment and growth
explains why the distribution of saguaro is lim-
ited by freezing temperatures in the northern
part of its range and at higher elevations, and by
reduced and unreliable summer precipitation in
the western Sonoran Desert (Drezner 2005, Pier-
son et al. 2013). However, a lack of regional syn-
chroneity in age structure suggests that
regeneration might also be controlled by local
biotic and abiotic heterogeneity (Pierson et al.
2013, Winkler et al. 2018), not just regional cli-
matic fluctuations.

Additional studies on saguaro have found
variable population-level responses to climatic
fluctuations, which suggest that local conditions
modulate population structure (Pierson et al.
2013). Recent work has also shown that local site
conditions and landscape position (e.g., bajada,
foothill, steep slope) can drive population
recruitment in saguaro (Winkler et al. 2018).
Within the northern Sonoran Desert, saguaro
survival is greater on east- and south-facing
slopes (Niering et al. 1963, Turner et al. 1995,
Pierson and Turner 1998) because these aspects
tend to experience less extreme summer and
winter temperatures (Haase 1970), and less
intense and shorter periods of freezing tempera-
tures (Jordan and Nobel 1982). If local popula-
tions have unique trajectories in response to
climatic fluctuations, predictions of regional or
desert-wide changes in saguaro populations will
likely be a challenge. However, it remains
unknown whether local abiotic conditions and
climate fluctuations independently influence
population trajectories, or whether they interact
with climatic fluctuations to produce unexpected
regeneration patterns. Disentangling these inter-
actions, or lack thereof, may be the important
next step that synthesizes decades of saguaro
research by revealing fine-scale controls on pop-
ulation demographics. Further, uncovering these
patterns is critical to understanding past and cur-
rent saguaro population dynamics, and to pre-
dicting saguaro and other long-lived species’
responses to future climate change.

Here, we use a 48-yr-long, spatially explicit
data set to assess the importance of local spatial

heterogeneity on demographic responses to tem-
poral climate variability in saguaro. We sought
to answer the following questions: (1) “What do
age structure and recruitment year of saguaro
populations reveal about the sensitivity of the
species to climate?” and (2) “How do growth,
survival, and recruitment rates vary across habi-
tats and time periods with distinctive climatic
characteristics?” We expected that populations
would recruit primarily during favorable condi-
tions given the strong climatic relationships
reported in previous studies. We also expected
that saguaro populations would respond to
topography at small scales but that these differ-
ences would be subtle and would not override
the stronger climatic relationships.

METHODS

Site description and measurements
We used long-term saguaro data from the Desert

Laboratory on Tumamoc Hill (32°13012.281″ N,
111°0016.098″ W) in Tucson, Arizona (Rodr�ıguez-
Buritic�a et al. 2013). The slopes on Tumamoc Hill
range from gentle on the lower north side to
steep along the south and east sides (Table 1).
Saguaro at Tumamoc Hill has been individually
monitored since 1964 when plots were estab-
lished on north, south, east, and west slopes rep-
resentative of the conditions of each aspect
(similar sunlight exposures and substrates). Plots
were established as a 250 m wide rectangle
extending from the top to the bottom of the hill
and are between 10.1 and 15.5 ha in area
(Table 1).
Plots were revisited in 1970, 1993, and 2010–

2012, and all saguaros were censused (Rodr�ıguez-
Buritic�a et al. 2013). During each census, all
individuals >0.3 m tall were marked for mea-
surements that included height from the ground
to the top of the main stem (m); number of
branches (arms) longer than 0.3 m, which is a
proxy for reproductive potential; plant condition
(alive or dead); and extent and type of any inju-
ries. Rodr�ıguez-Buritic�a et al. (2013) provide
details on the field and data processing methods
used during this study from 1964 to 2012.

Climate data
We calculated the annual number days with

extreme temperatures (freezing or above 38°C) to
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identify periods that may explain changes in
saguaro vital rates. We used linear regression to
obtain slope estimates as a metric to quantify
increases or decreases in the number of days with
extreme events each year. In order to incorporate
variation due to climate periods, we first catego-
rized each census interval as either wet and cool,
mild, or dry and hot using Palmer’s Drought
Severity Index (PDSI) for summer and cool-sea-
son precipitation separately. Palmer’s Drought
Severity Index combines precipitation and tem-
perature influences on evapotranspiration into an
index of aridity (lower values are more arid) that
has been used in previous saguaro studies to
explain regeneration patterns (Pierson and Turner
1998, Drezner and Balling 2002, Winkler et al.
2018). This classification was based on deviations
from multiyear averages calculated from 1964 to
2012. We calculated PDSI in two ways: as an esti-
mated PDSI using tree ring reconstructions from
1760 to 2004 and as an instrumental PDSI using
reconstructions from 1895 to 2012 (see Appendix S1
for a description of calculations). We then
used historical reconstructions of PDSI and cool-
season precipitation to identify similar cool and
wet, mild, warm, and dry periods between 1700
and 1964. Periods with climate that could not be
classified within our system were classified as
average (Appendix S1: Table S2). Each census
period was classified differently based on its pre-
cipitation and PDSI values: 1964–1970 (cool and
wet), 1970–1993 (mild), 1993–2012 (warm and
dry), and 1964–2012 (average).

Demographic vital rates and population structure
We summarized demographic vital rates for

the entire population and each plot. First, we

calculated growth rates (cm�cm�1�yr�1) between
each census for the entire population. We also
calculated the range of growth rates for the entire
sampling period (1964–2012). We then examined
annual mortality (%) and the number of recruits
for each plot as well as the entire population
between each census period. Next, we tested for
differences in growth rates across plots using
ANOVA. Recruitment and mortality rates were
analyzed across plots and census periods.
We then analyzed regeneration patterns of

saguaro by comparing the observed and
expected age structures for the populations in
1964 and 2012. Observed age structures were
determined from age–height relationships based
on field data (Turner 1990, Pierson and Turner
1998, Pierson et al. 2013). Expected age struc-
tures were derived as a constant vital rate predic-
tion using age-specific mortality functions
described in Appendix S2 (sensu Pierson and
Turner 1998). Functions were scaled to the
observed population density by multiplying the
observed age structure and mortality to estimate
the number of individuals expected in each
height class during a given census period. This
metric yields the population structure expected
when recruitment compensates mortality and
population structure is stable. Differences between
these two age structures provide estimates of
when cohorts were larger (positive residuals) or
smaller (negative residuals) than required to
maintain stable populations. Estimating age
structures this way allowed us to account for
three sources of variability: time periods with dif-
ferent climates, intraspecific variation in growth
rates, and other unexplained sources of variation
(i.e., error; Appendix S2).

Table 1. Topographic characteristics of the four saguaro (Carnegiea gigantea) permanent plots at Tumamoc Hill,
Arizona, USA.

Plot characteristics North South East West

Total area (ha) Lower: 6.90 14.2 10.1 15.5
Upper: 6.55

Average slope in percentage rise Lower: 62.98 109.01 128.93 105.64
Upper: 108.70

Elevation range (m) Lower: 721.8–815.2 751.7–948.6 762.7–945.9 735.3–942.9
Upper: 841.7–944.4

Notes: Plots were established in 1964 as 250 m wide rectangles that extend from the top to the bottom at each of the north,
east, south, and west slope aspects of Tumamoc Hill. The north plot was divided into two subplots (lower and upper) to avoid
disturbed areas around Desert Laboratory administrative buildings.
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We then compared the observed age structures
for each plot-time period combination with the
expected age structure. First, we used plot-speci-
fic logistic-cubic-spline regressions to model the
probability of mortality in a given year as a func-
tion of height (m) at the beginning of the census
period (Appendix S2: Fig. S2). We averaged these
predictions to produce 5-yr interval of survival
(between 0 and 250 yr of age), which can be
assumed to be the stable, expected age structure
when mortality compensates recruitment. The
final age structure obtained was scaled so the
area under the curve was equal to the number of
individuals in the population at each census
(1964 and 2012) and within each plot in order to
avoid overestimating age structures.

The difference between observed and expected
age structures was used to quantify how a given
cohort contributes to maintaining stable popula-
tions. Although observed age structures are
related to both recruitment and mortality, we
assume that residuals are a good approximation
of past recruitment events since mortality can be
described as a monotonic, decreasing function of
age (or height) and random age-specific mortal-
ity events are likely rare (Drezner 2006a). Thus,
positive residuals indicate more individuals than
expected to compensate for age-specific mortality
and we interpret them as recruitment peaks. We
obtained normalized residuals first for the whole
population on Tumamoc Hill and then separately
for each plot. We did so using estimated age
structures derived from lower- and upper-limit
age estimates for the whole population. For each
plot, we averaged lower- and upper-limit age
estimates before obtaining normalized residuals.

Saguaro’s relationship to climate
To explore the relationship between each

cohort size and climate, we used Kendall’s Tau
Rank correlation coefficient (s) between normal-
ized residuals and time series data for our
selected climatic variables. Correlations were cal-
culated for each time point from 20 yr prior to
20 yr after estimated germination dates. Climatic
variables—estimated and instrumental PDSI,
summer, and cool-season precipitation—were
obtained from climatological reconstructions
derived from regional dendrochronological data
(Ni et al. 2002). Data for each variable were avail-
able for different periods, and data for all

variables were only available after 1907. For this
reason, correlations were estimated using all cli-
matic variables and residuals post-1909, and then
using only climatic variables with a longer time
span and residuals since 1848 (i.e., the estimated
year of the first cohort in all plots). Appendix S1
provides details on compilation and analyses of
climatic variables for this analysis. Mortality
gradually reduces the number of individuals
remaining as cohorts age, thereby reducing our
ability to detect significant correlations with cli-
matic variables (Moorcroft et al. 2001). To reduce
this source of bias, we dimmed climatic time ser-
ies by applying a year-specific decay function
that was the same mortality function estimated
with data between 1964 and 2012. We calculated
s with this decay-adjusted time series. All analy-
ses were conducted in R version 3.0.2 (R Core
Team 2014).

RESULTS

Climate data
For the combined data set, the annual number

of days with extreme temperatures saw a sub-
stantial decline beginning in the early 1900s
(Appendix S1: Fig. S1). However, starting in the
1920s, the number of days with temperatures
above 38°C increased by ~1 d every year (slope
of the number of days vs. year = 0.52 d/yr, stan-
dard error [SE] = 0.05, P < 0.0001) throughout
the period analyzed, with substantial changes
occurring between 2002 and 2012 from 62.2
(SE = 6.4) to 95 d (SE = 12). After little change
during the 20th century, the number of days with
freezing temperatures increased by an average of
1 d every 10 yr (slope of 0.1 d/yr, SE = 0.18,
P = 0.045) with a sharp increase from 16.1
(SE = 8.8) to 48.3 d (SE = 24.3) between 2002
and 2012 which drove the relationship. No other
climate variable had a significant long-term
trend.

Demographic vital rates and population structure
The demographic rates for saguaro popula-

tions on Tumamoc Hill showed significant varia-
tion among census periods and among plots
(Table 2). Both annual mortality and growth
rates declined from 1964 to 2012, while annual
recruitment was lowest for the mild middle per-
iod of 1970–1993 (Fig. 1). The south plot had
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higher mortality between 1964 and 1993 (which
is classified as cool-wet and mild in climate) than
the other three plots which saw similar amounts
of mortality. The difference was mostly due to a
slightly higher mortality rate of intermediate-
height individuals in the south plot (Appendix S2).

Annual mortality of all plots was highest from
1964 to 1970, a period dominated by cool and
wet climatic conditions (Appendix S1: Table S2).
The lowest mortality occurred during the warm
and dry period of 1993–2012. Across all plots,
mortality was higher for very small and very

Table 2. Individual counts per census period at each of the four saguaro plots at Tumamoc Hill, Arizona, USA.

Variables

Census period

1964–1970 1970–1993 1993–2012 1964–2012

North
Dead 20 44 37 101
Dead and alive 180 188 222 590
Total estimated‡ 235 328 501 -
Reproductive potential† 45 (79) 45 (126) 37 (117) -
Mortality (%) 11.11 23.40 16.67 17.12
Annual mortality (%) 1.85 1.02 0.93 0.36
New recruits 30 77 313 420

South
Dead 143 465 128 736
Dead and alive 1005 1075 1037 3117
Total estimated‡ 1911 1854 1717 -
Reproductive potential† 19 (43) 24 (41) 49 (93) -
Mortality (%) 14.23 43.26 12.34 23.61
Annual mortality (%) 2.37 1.88 0.65 0.49
New recruits 234 453 643 1330

East
Dead 82 254 213 549
Dead and alive 880 1023 1272 3175
Total estimated‡ 1710 1824 1502 -
Reproductive potential† 19 (34) 33 (70) 59 (122) -
Mortality (%) 9.32 24.83 16.75 17.29
Annual mortality (%) 1.55 1.08 0.88 0.36
New recruits 235 497 436 1168

West
Dead 39 136 66 241
Dead and alive 482 502 456 1440
Total estimated‡ 617 493 492 -
Reproductive potential† 34.5 (112) 41 (111) 71 (157) 76 (211)
Mortality (%) 8.09 27.09 14.47 16.74
Annual mortality (%) 1.35 1.18 0.80 0.35
New recruits 58 93 100 251

Total population
Dead 284 899 444 1627
Dead and alive 2547 2788 2987 8322
Mortality (%) 11.15 32.25 14.86 19.55
Annual mortality (%) 1.86 1.40 0.78 0.42
New recruits 557 1120 1492 3169

Notes: Mortality percentage is calculated within each period/plot combination without considering new recruits. Mortality
is divided by the census period to give the annual mortality reported. New recruits include new plants at the end of the census
period and previously un-detected plants.

† The reproductive potential at the end of each census estimated as the percentage of plants presumed tall enough to be
reproductive (≥2 m) out of the total estimated population size; the number of potentially reproductive meristems (number of
individuals plus number of branches) is given in parenthesis.

‡ Total estimated population size includes the detected individuals at the end of each census periods plus those plants that
germinated before but were not detected.
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large individuals. Two exceptions to this trend
were higher rates of mortality for small- to inter-
mediate-sized individuals in the south plot in the
mild period between 1970 and 1993, and for
intermediate- and large-sized individuals in the
north plot in the dry and warm period between
1993 and 2012 (Appendix S2).

Recruitment rates estimated with normalized
residuals from 1964- and 2012-observed age
structures showed a long-term pattern that was
congruent between lower- and upper-limit esti-
mates (Fig. 2, top panels). Residuals from data
generated using 1964 age structures showed a
larger than expected recruitment during the

Fig. 1. Vital rates at different census intervals for our saguaro population at Tumamoc Hill. (a) Annual growth
rate in height (cm/yr) relative to the height at the beginning of each period for each of the three census periods
and for the entire monitoring interval (1964–2012). Letters placed each boxplot indicate significantly different
groups based on Tukey’s multiple comparisons with a = 0.05. (b) The annual mortality percentage for the whole
population and for each of the four plots (east, north, south, and west). (c) The annual number of recruits in each
plot and for the whole population using the same line styles as in (b).
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first third of the 20th century, with either a wet
or an average climate, and lower than expect
recruitment before or during the early years of
the mid-century drought of 1946–1950. A large
recruitment event occurred during the second

half of the century, but it was inconsistent
between lower- and upper-limit estimates. Esti-
mates using data generated using 2012 age
structures showed more consistency for this
second recruitment peak around 1950. Negative

Fig. 2. The normalized residuals between estimated and expected age structures for the entire and plot-specific
saguaro populations at Tumamoc Hill. Residuals for (a) 1964 and (b) 2012 (right); lines represent residuals using
different age estimation limits (solid black = upper limit estimations, solid gray = lower limit estimations); time
on the x-axis is divided into periods of contrasting climatic conditions (vertical dash-dot-dash lines) represented
by a, average; w, wet; m, mild; and d, dry (see Appendix S1 for details regarding these estimations); black dots
mark when censuses were conducted (1964, 1970, and 2012). (c–f) residuals for each plot, averaged between
upper and lower residuals for 1964 (gray solid lines) and 2012 (black solid lines), with time range divided into
periods of contrasting climatic conditions.
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recruitment residuals were consistently detected
from 1978 onward. Differences between lower-
and upper-limit estimates in how strong peaks
of recruitment were and when they occurred
reflected the uncertainty around age estima-
tions, while differences between data sets (1964
vs. 2012) primarily reflected mortality, suggest-
ing that mortality events between 1964 and
2012 did not change the overall population
structure.

The effect of aspect represented by plot-level
differences mostly corresponded to discrepancies
with when recruitment events occurred or how
large they were. East and south plots tended to
behave alike, with large recruitment events
occurring in the first half of the 20th century,
especially during the wet period of 1910–1922,
and at the beginning of the drought between
1946 and 1950. After 1964, large recruitment
events occurred during the dry period of 1971–
1977 (Fig. 2e–f, Fig. S1b). In contrast to these
plots, a recruitment pulse ca. the 1950s was small
or missing in the north and west plots, and large
recruitment events were more frequent but not
as large, with peaks between 1861 and 1945 for
the north plot and between 1826 and 1945 for the
west plot (Fig. 2c–d). We found a unique pattern
in the north plot: The population along this
aspect changed from initially being dominated
by relatively old individuals to being dominated
by individuals <30 yr old in 2012 due to a huge
late 20th century/early 21st century spike in
recruitment. This change likely explains the
inconsistent presence of the 1850–1922 recruit-
ment peaks (positive residuals) between data
generated using 1964 and 2012 age structures
(Fig. 2c). In the last 47 yr, only the north plot
experienced higher than expected recruitment
events, and it was also the only plot with a large
change in population structure (Fig. 2c).

Saguaro’s relationship to climate
Contrary to our expectations, we did not find

an indisputable pattern of positive correlations
between large recruitment events and favorable
growing conditions for saguaro (i.e., low
drought, high precipitation, few days with tem-
peratures below zero or days >38°C; Fig. 3).
Residuals based on 1964 age structures revealed
large recruitment events correlated with periods
of low drought severity (high PDSI values) and

high precipitation for summer and winter for at
least some lag values. Small recruitment events
(negative residuals) increased with number of
days above 38°C (in Fig. 3, s > 0.1 or <�0.1 cor-
responds to P < 0.05) with this earlier data set.
For residuals estimated with 2012 age structures,
which adds dynamics for the last 48 yr to the
data set, large recruitment events correlated with
poor growing conditions before and after esti-
mated germination times (Fig. 3a, b). These pat-
terns hold when using residuals and climatic
time series from 1909 or from 1848 to 2012
(Fig. 3a–c; Appendix S3: Fig. S1). The only signif-
icant difference between results for these two
time series is the stronger correlation of recruit-
ment with high cool-season rain found with the
1848–2012 time series. This suggests that larger
recruitment events may have occurred more fre-
quently during periods of high cool-season pre-
cipitation before 1909 than during the last
century (s > 0.1 at most lags for south and east
plots; Fig. 3c; Appendix S3: S1). Overall, this sug-
gests that saguaro’s response to climate in the
second half of the 19th century was different
from that after the start of the 20th century.
Plot-specific correlations show few common-

alities (Fig. 4) which suggest a strong effect of
aspect on population response to climate.
Only two trends at the population level consis-
tently downscaled to the plot level. Large
recruitment events positively correlated with
low drought severity and high cool-season pre-
cipitation before 1964 (Fig. 4a–c), while correla-
tions became weaker when residuals up to 2012
were used. In addition, large recruitment events
were mostly correlated with unfavorable cli-
matic conditions when these newer (up to 2012)
data were analyzed. Aside from these two
trends, aspect plays a role in which and how
climatic variables are associated with large
recruitment events.
There were three distinct aspect-specific pat-

terns. First, the north plot showed different
trends from the other plots for most correlations.
Namely, large recruitment events in the north
plot were consistently correlated with favorable
PDSI and winter precipitation. However, correla-
tions of recruitment with summer precipitation
and number of extreme warm days were nega-
tive using the data sets generated with 1964 age
structures but positive using the data set
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generated with 2012 age structures. This suggests
favorable summer precipitation may have com-
pensated for the more extreme high tempera-
tures in the last 48 yr in allowing for high
recruitment in the north plot. Overall, the north
plot was the only one that showed a negative

correlation between large recruitment events and
number of freezing days for lag times near zero
(Fig. 4e), suggesting a heightened vulnerability
to cold weather.
The second pattern is that the west plot had

similar trends, but different correlation values

Fig. 3. Correlations between climatic and normalized residual time series for saguaro at Tumamoc Hill using
combined plot data. Each panel (a–f) depicts correlations between normalized residuals and one climatic variable
at different lags (climatic variable values from 20 yr before to 20 yr after the year for the estimated residual). The
legend in the top left panel (a) applies for all panels; black lines indicate estimated residuals based on 1964 age
structures, and gray lines indicate estimated residuals based on 2012 age structures either using the whole range
of residuals from 1848 to 2012 (dashed lines) or only residuals from 1909 to 2012 (solid lines). The solid horizontal
lines represent the a = 0.05 significance cutoff.
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compared to south and east plots. This was con-
sistent using residuals from age structures from
both 1964 and 2012 and for all variables except
number of freezing days. The correlations with
PDSI, precipitation, and warm days before 1964
were stronger for the west plot (Fig. 4a, b and e,
f), while correlations with PDSI and precipitation

using the 2012 ages structure were insignificant
for the west plot (Fig. 4c–d). This suggests that
the west plot was the least sensitive to variation
in climatic conditions during the last 48 yr.
The last pattern was that the east and south

plots had similar recruitment trends that showed
similar relationships with climatic variables

Fig. 4. Plot-specific correlations between climatic time series and normalized residuals after 1909. Each panel
(a–f) depicts correlations between normalized residuals and one climatic variable at different lags (climatic vari-
able values from 20 yr before to 20 yr after the year for the estimated residuals). The legend in the top left panel
(a) applies for all panels; line color indicates which age structure was used during the correlation estimations
(black = 1964 and gray = 2012). All correlations were calculated using residuals from 1909 onward (see
Appendix S3: Fig. S1 for correlations with residuals starting from 1848). The solid horizontal lines represent the
a = 0.05 significance cutoff.
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(Figs. 2, 4). Before 1964, the sign of the correla-
tions varied from positive to negative at different
lags for all variables, indicating that results
depend critically on lag assumptions. Using the
2012 residuals, recruitment was mostly corre-
lated with years of drought (low PDSI), low pre-
cipitation, and more freezing days; conditions
usually considered to be unfavorable for saguaro
recruitment. The only favorable correlation using
the 2012 data was the association of recruitment
with years with fewer extremely warm days.

DISCUSSION

Our study of saguaro demonstrates how vital
rates at local scales track seasonal precipitation,
drought severity, and temperature to create sub-
populations with varied demographics across
our study site at the Desert Laboratory in Tucson,
Arizona. We confirmed that overall recruitment
patterns in saguaro are in accord with previously
proposed controls of population-level dynamics,
but also found unexpected responses under con-
temporary climate. First, like previous studies,
we found that prior to 1964 recruitment was
more likely to occur during favorable climatic
conditions that include low drought stress (Jor-
dan and Nobel 1982, Turner 1990, Winkler et al.
2018), above-average summer precipitation, and
below-average maximum summer temperatures
(Steenbergh and Lowe 1977, Drezner and Balling
2002). However, after 1964, recruitment was
more likely under unfavorable conditions (i.e.,
high drought severity, low winter precipitation).
This is especially surprising in the north plot
where a large recruitment spike occurred under
high drought severity and in years with many
extremely warm days. Our study demonstrates
that, while recruitment is episodic, in the future,
complex dynamics should be expected with a
lower sensitivity of recruitment to the previously
important limiting factors such as below-freezing
temperatures (Steenbergh and Lowe 1977).

Population changes under fluctuating climatic
conditions often result from a complex interac-
tion of life history and climatic stresses in which
sensitivity to changes strongly affects long-term
trajectories (Oostermeijer et al. 1994, Conver
et al. 2017, Winkler et al. 2019b). As a result, we
expect highly sensitive populations to respond
more strongly and positively to periods that

favor recruitment and survival but also strongly
and negatively to unfavorable periods. We found
a clear signal of the influence of aspect in mediat-
ing how sensitive saguaro populations are to cli-
matic fluctuations. Our study is the first to show
saguaro recruitment occurring nearly indepen-
dently of climatic conditions (west plot, last
48 yr), concurrently with unfavorable conditions
including intense drought and low precipitation
(east and south plots), and under a combination
of favorable—high summer precipitation—and
unfavorable—high frequency of warm days—
conditions (north plot). These clear response dif-
ferences between our four plots demonstrate the
importance of local topography in mediating
long-term population responses.
We suggest that the interaction between topog-

raphy and climate operates through multiple
processes. First, climatic variables may compen-
sate for one another on different aspects to favor
recruitment pulses. This is exemplified by con-
temporary dynamics over the last 48 yr in three
plots where recruitment was associated with
unfavorable values of at least one climate attri-
bute. Second, aspect also appears to mediate the
influence of population density in buffering
responses to climatic fluctuations. This is seen in
our most densely populated plot (south) which
had opposite responses to climatic attributes.
Our south plot had the highest number of
recruits but also the highest mortality rates.
There was also a constant saturation of sites with
potential new recruits despite fluctuating climate
attributes and high mortality rates. Factors other
than density might be particularly important
along west and east plots given that we observed
intermediate to high densities there but also
found significant recruitment correlations with
unfavorable conditions.
Density differences in saguaro across slopes

have been explained by a lower probability of
freezing-related deaths on the east and south
slopes given that direct sun exposure comes
sooner during sunrise, shortening freezing peri-
ods (Pierson and Turner 1998). We did not find
strong evidence of this freeze protection in our
analyses but instead found that only our north
plot showed reduced recruitment in response to
the number of extremely cold days (Fig. 4e,
north plot at lag 2–8 using the 2012 correlation
estimates). Although freeze-related mortality
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might be important for culling saguaro individu-
als (Nobel 1980, 1982, Drezner 2006a), over the
long-term and at the temporal scale of our study,
its negative effects on recruitment are likely can-
celed out by the positive effects of other factors
creating recruitment peaks during favorable
growing conditions. In addition to the effect of
freezing, density differences among plots might
result from differences in summer conditions.
Drought conditions are likely reduced on the
steep, rocky slopes of the south- and east-facing
plots (Gitlin et al. 2006, Winkler et al. 2018), and
under nurse plants such as palo verde (Parkinso-
nia microphylla; Steenbergh and Lowe 1976, Drez-
ner 2006c). However, with increasingly warmer
winter temperatures and summer precipitation
that have occurred in recent decades, seedlings
may not benefit as much from the positive effect
of rocks and nurse plants in areas previously at
risk of freezing or drought-related mortality.

At Tumamoc Hill, recent recruitment has been
insufficient to compensate for mortality. Saguaro
populations are likely to continue to decline if
this trend continues, confirming the predictions
of a previous study that used the 1964–1993 data
(Pierson and Turner 1998). This trend is not a
result of low seed production given that repro-
ductive potential of this population had not
diminished by 1993 based on the number of
flowering-sized plants (Pierson and Turner 1998)
or by 2012 (Table 2). In the first decade of the
21st century, there has been a large increase in
the number of days with extreme temperatures
(both cold and hot; Appendix S1), and it is uncer-
tain whether these climatic trends will continue.
If they do, as is predicted by climatic modeling
(Seager et al. 2007, Seager and Vecchi 2010), our
analyses suggest that saguaro populations on
Tumamoc Hill will continue to decline.

Higher than expected recruitment on the north
slopes does not ensure the persistence of saguaro
on this plot, which had the lowest density of the
four plots. The north plot also had the highest
mortality of adults between 1964 and 2012,
which shifted the age structure toward a juve-
nile-dominated population. This suggests a
potential boom–bust population dynamic on the
north slope that jeopardizes long-term popula-
tion stability because low density increases vul-
nerability to unfavorable growing conditions
(Wilmers et al. 2007). In addition, the south, east,

and west plots have had insufficient recruitment
to compensate for mortality during the period of
measurement. Although their population sizes
might be sufficient to buffer them from unfavor-
able growing conditions (Conver et al. 2017), the
21st-century trend toward more severe drought
and extreme temperature events (Cook et al.
2004) might jeopardize the persistence of desert
species even on these more favorable slopes.
Our results show that recruitment peaks are

not perfectly synchronized with periods of favor-
able climatic conditions. We explicitly included
sources of variation that were not included in
previous studies (Turner 1990, Parker 1993, Pier-
son and Turner 1998, Drezner 2006b, Drezner
and Balling 2008, Pierson et al. 2013). These
included individual variation and a variable
response of growth rates to changing climate
conditions. When these sources of variation are
included in our models, our age estimates had an
average error of �6 yr, which reduces our ability
to detect population-level responses to episodic,
annual events like high summer precipitation or
extreme freezing temperatures. Instead, this level
of resolution is best suited to assessing the
importance of multiyear recruitment peaks over
many decades. Moreover, our preponderance of
low-correlation coefficients with climatic vari-
ables reinforces the conclusions of Pierson and
Turner (1998) and Winkler et al. (2018) who
found that other factors, such as microhabitat
differences, are also important drivers of saguaro
recruitment. Herbivory, competition with exotic
grasses (red brome, Bromus madritensis ssp.
rubens; and buffelgrass, Cenchrus ciliare), and
nurse-plant effects are some of the biotic factors
we did not analyze that are likely important for
explaining additional plot-level and even micro-
scale variability (Pierson and Turner 1998, Sny-
der and Chesson 2004). Total cover by C. ciliare,
estimated from high-resolution aerial photogra-
phy, showed an increase of 170% between 1994
and 2000 and an additional 69% in the next seven
years (J. L. Betancourt and T. Bean, unpublished
data; Olsson et al. 2012), especially near the top
of Tumamoc Hill on the south, east, and west
slopes. Competition with exotic grasses has also
been shown to influence saguaro range expan-
sion potential (Springer et al. 2015, Swann et al.
2018). No other factors are known to correspond
to the current reduced recruitment, although the
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role of increased mortality rates of P. microphylla
(Turner et al. 1995) and other large perennials
that serve as saguaro nurse plants (Breshears
et al. 2005) are in need of further investigation.

Although we do not know whether changes in
the saguaro population at Tumamoc Hill are typ-
ical throughout the species’ distribution, this
long-term study is one of the firsts to investigate
decadal-scale demographic patterns in relation to
local topographic differences. Our results suggest
that predictions about a demographic response
to climate require an explicit consideration of
local site conditions, which are only detectable
using long-term monitoring (Winkler et al. 2018,
2019). Previous work that documented high
saguaro recruitment on east- and south-facing
slopes (Pierson and Turner 1998) would have
been insufficient to detect the current popula-
tion-level shifts we observed in response to cli-
mate. For example, north-facing slopes provide
suitable recruitment niches for saguaro and the
population there has responded with recent,
above-average recruitment under warmer condi-
tions in the early 21st century. Considering the
current predictions of a higher frequency of dry
years and warmer temperatures for the Sonoran
Desert (Seager et al. 2007, Notaro et al. 2010,
2012), it remains to be seen to what extent the
predicted northward shift in saguaro distribution
(Notaro et al. 2012) also comes with topo-
graphic-driven changes in local populations
toward northerly slopes.

Overall, our results have broad implications
for managing the ecological consequences of cli-
mate change. Ecologists must integrate habitat
distribution and population modeling to under-
stand potential changes in species distribution
ranges (Akcakaya et al. 2004, Araujo and Guisan
2006, Keith et al. 2008, Brook et al. 2009). This
integration occurs by using bioclimatic models to
predict future suitability of a given area and then
using metapopulation models to apply this mod-
ified scenario. This also implies translating habi-
tat suitability into changes in carrying capacity at
every location. Current approaches only consider
climate-driven changes in geographical range
area or quality and quantity of suitable habitats
(Araujo and Guisan 2006). A hypothetical habi-
tat-distribution model for saguaro on Tumamoc
Hill, based only on presence, presence/absence,
or abundance data before 1993, would most

likely have failed to predict the shift in recruit-
ment patterns we observed, even when comple-
mented with an understanding of physiological
constraints. These shifts were only detected by
analyzing expected-vs.-observed population-age
structures estimated from long-term monitoring.
We agree with Conlisk et al. (2013), who sug-
gest bioclimatic-envelope predictions could be
improved by the inclusion of long-term demo-
graphic data given the sensitivity of the results to
population model parameters. We also agree
with Ibanez et al. (2013), who discuss a need for
a more mechanistic understanding of species-
level responses to climate. Given that long-term
demographic data are scarce, our immediate
challenges should be to define the minimum
attributes a data set should include to precisely
predict demographic response to climate change.
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