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Climate extremes are thought to have triggered large-scale trans-
formations of various ancient societies, but they rarely seem to be
the sole cause. It has been hypothesized that slow internal devel-
opments often made societies less resilient over time, setting them
up for collapse. Here, we provide quantitative evidence for this
idea. We use annual-resolution time series of building activity to
demonstrate that repeated dramatic transformations of Pueblo
cultures in the pre-Hispanic US Southwest were preceded by sig-
nals of critical slowing down, a dynamic hallmark of fragility. De-
clining stability of the status quo is consistent with archaeological
evidence for increasing violence and in some cases, increasing
wealth inequality toward the end of these periods. Our work thus
supports the view that the cumulative impact of gradual processes
may make societies more vulnerable through time, elevating the
likelihood that a perturbation will trigger a large-scale transforma-
tion that includes radically rejecting the status quo and seeking
alternative pathways.
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Explaining the spectacular collapses and transformations ob-
served in prehistoric civilizations remains difficult. An obvi-
ous approach is to search for external perturbations that can be
held responsible. The possibility of an adverse climatic turn has
received particular attention (1-8). On the other hand, it has
been argued that societal tensions may rise as populations ap-
proach carrying capacity (9), wealth becomes concentrated in the
hands of a small elite (10, 11), or the costs of rigidity (12) and
complexity (13) take their toll. Interactions between these and
other mechanisms may gradually dismantle societies, but evi-
dence for such systemic destabilization is hard to obtain. In
principle this hypothesis is best tested in prehistory, where many
cycles of societal aging, collapse, or transformation are com-
pleted. Yet, in such settings, low temporal resolution typically
weakens attribution of causation (14).

Here, we address this classical problem using tree-ring series
representing, at annual resolution, both construction activity and
paleoclimates in a substantial portion of the pre-Hispanic US
Southwest (for a map see figure 1 of ref. 15). The regional
prehistory is known for its periodic discontinuities leading to a
succession of marked periods each characterized by a constel-
lation of architecture, ceramics, and settlement configurations
distinct enough that early researchers could identify the temporal
succession even before they had absolute dating methods (16).
Analysis of tree-ring-dated wood recovered from archaeological
sites eventually revealed that construction activity in this region
was clustered in four periods, sharply separated by intervals of
low activity (17). These periods of high activity (reflected in
modes in the histograms of counts of wood-cutting dates through
time) match four distinct periods, identified in 1927 by archae-
ologists as Pecos periods: the Basketmaker III (BMIII) and the
Pueblo I to III (PI, PII, and PIII). The first study to identify these
marked peaks and valleys in tree-ring dates proposed that periods
of peak cutting corresponded to good maize farming conditions
separated by droughts (17). However, a more recent study, using a
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larger set of tree-ring dates and highly localized reconstructions of
temperature, precipitation, and tree-cutting activity, shows that on
average the periods of high construction were no better for maize
production than the periods of low construction, though they ter-
minated in productive downturns that ranged from mild to severe
(15). The troughs in construction activity coincided with community
disaggregation at both local and subregional levels, as well as ma-
terial and technological changes visible in the archaeological record.

What could have driven those societies to abruptly abandon
established ways of doing things and start experimenting with
novel settlement locations, architecture, and pottery styles?
Here, we examine whether a loss of resilience, making the status
quo increasingly fragile, may have brought those societies toward
a tipping point due to the accumulation of internal processes as
they aged. We first present a conceptual framework for how this
could work and explain how such loss of resilience may be de-
tected in data. We then demonstrate evidence of declining
resilience in reconstructed time series of construction activity in
these Pueblo societies, and finally we discuss how results com-
pare to archaeological findings.

A Theory for the Loss of Resilience of the Status Quo and Its
Dynamical Indicators

The collapse of ancient societies may entail marked population
declines if famine or violence are taking a toll (18). However,
the discontinuities inferred from archaeological work may often
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reflect societal transformations rather than population collapses
(19). Radical transitions may be driven by collapse of trust in the
old way of doing things, including its rituals and social and
physical structures. Such distrust can be self-propagating, cascading
contagiously through the society (20). In dynamical systems theory
terminology, the status quo in a society may be seen as an attractor,
i.e., a state with stabilizing feedbacks (21). One obvious stabilizing
force is the vested interest of an elite who benefits from the status
quo and uses her capital to maintain it. A second stabilizer is the
so-called “sunk-cost effect.” This is a reluctance to abandon things
in which much has been invested, even if it would be rationally
better to abandon them (22). In societies, this tends to hold not just
for physical structures in villages, and landesque capital, but also for
rituals and beliefs (9). A third ubiquitous stabilizing mechanism
is contagiousness of attitude and opinion, making it difficult to
deviate from the view held by the majority, and therefore stabilizing
the status quo (20). Despite such stabilizing mechanisms, radical
change occasionally happens in societies. In the view we propose
here, societies become ready for such change when the old way
of doing things becomes less attractive (23). This means that the
attractor of the status quo becomes less resilient, which may be
visualized in a classical way as the basin of attraction becoming
smaller and shallower (Fig. 1).

This raises the question of whether such loss of resilience may
be objectively (and materially) detected in some way. It turns out
that across many dynamical systems, declining resilience in the
vicinity of a tipping point may lead to subtle but observable changes
in the nature of fluctuations, due to a generic phenomenon known
as “critical slowing down” (24, 25), referring to the fact that re-
covery upon a perturbation becomes slow. In our graphical model
(Fig. 1) this can be intuitively understood as the ball rolling more
slowly down the shallow slope than the steep slope. In a system with
stochastic perturbations (such as random climate shocks), the effect
of such slowing down is that the “memory” in the state increases,
thereby resulting in rising temporal autocorrelation and variance
(25-28). This phenomenon is generic in the sense that it is inde-
pendent of the idiosyncrasies of the system involved and has been
found to happen prior to critical transitions in complex systems
ranging from the human body (29, 30) to climate elements (31, 32)
and ecosystems (27, 33).

To illustrate how this could play out for social unrest we use a
dynamical model of abandonment of the status quo in a society
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Fig. 1. Conceptual model of intrinsic loss of resilience of the status quo in aging
societies. Processes such as population growth leading to shortages may increase
violence and other problems, reducing the attractiveness of the status quo (the
way of doing things anchored in social practices and rituals). In the resulting
fragile state, returns to normal upon perturbations such as droughts become
increasingly slow, and the likelihood that the system flips out of the societal
basin of attraction rises. A mathematical model is presented in S/ Appendix.

20f8 | PNAS
https://doi.org/10.1073/pnas.2024397118

(20, 34, 35) (Box 1 and SI Appendix). The equation captures the
mean attitude toward the status quo in a society consisting of
numerous individuals, each one somewhat different from the
others. For each person, the attitude toward the need for change
is —1 if she is content with the status quo and +1 if she is discontent
and wants things to change. All individuals determine their attitude
toward the need for change depending on their own perceptions
of the seriousness of problems such as food insecurity, unfair
inequality, and the risk of uncontrolled violence. Importantly,
they also have a tendency to adhere to the attitude of their peers.
If this tendency is sufficiently large [and in fact pre-Hispanic
Pueblo societies have been characterized as highly conformist,
particularly in the second millennium AD (36)], the model predicts
classical hysteresis and tipping points in attitude (20). When we
drive this model toward a tipping point by gradually increasing the
perceived seriousness of a problem, temporal autocorrelation and
variance of the fluctuations in attitude rise prior to a massive
transition in attitude. This is not something specific to the model we
use here for illustration. Rising variance and autocorrelation are
generic indicators of loss of resilience reflected in a phenomenon
known as critical slowing down (24, 25, 37, 38). Loosely, in our case
one may think of this as resulting from the fact that the return rate
of attitude back to normal upon a perturbation (such as a drought-
induced harvest failure) is slower when the society is closer to the
tipping point—where approval of the status quo is less resilient. In
that case, any social unrest will take longer to fade away, leaving the
attitude more correlated to that in the previous year.

Inferring Resilience from Construction Dynamics in Pueblo
Societies

We cannot measure attitudes in ancient societies, but we might
infer their dynamics indirectly through archaeological materials.
The idea is that change in attitudes toward the prevailing social
system may be reflected in change of activities that leave traces
in the archaeological remains. To explore this possibility, we take
advantage of the extraordinary long and high-resolution time
series of Puebloan tree-cutting activity (Fig. 2). The wood in
these series comes from structural elements of settlements re-
covered by archaeologists over a century of investigation. Tree
rings in this wood record both the year in which a tree was felled
(where the outermost ring is preserved) and also the local cli-
matic fluctuations during the life of the tree [although ordinarily
the climatic information is not inferred from wood recovered
from archaeological sites (39)]. Obviously, tree-cutting activity
cannot be seen as a straightforward indicator of attitude toward
the status quo. Nonetheless, it seems likely that factors such as
perceived insecurity, confidence in the future, uncertainty, and
social unrest would in some way or another affect the business-as-usual
cutting of trees for construction. Therefore, variance and tem-
poral autocorrelation in tree cutting (or any other social activity)
will in part reflect variance and autocorrelation in social attitudes
and sentiments.

We checked for indicators of slowing down in this variable by
scanning for temporal autocorrelation in a moving window over
each of the classically recognized periods (Materials and Methods).
The results reveal a marked rise in the temporal autocorrelation of
tree-cutting activity over the lifetime of BMIII, PI, PII, and early
PIII, suggesting loss of resilience as societies approached a tipping
point for transformation (Fig. 3 K-O). As our model analysis
illustrates, time-correlated randomness may produce trends as
well as quite irregular patterns in the short time series we have
at hand (Box 1 and SI Appendix, section I).

To estimate the probability that the rise in autocorrelation in
this set of observations is due to chance, we generated 1,000
randomized time series with the same frequency structure as the
original data and compared the observed tau values to the distri-
bution of tau values in the randomized time series (see Materials
and Methods for details). It turns out that the estimated probability
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Box 1. Indicators of critical slowing down in a model of
social attitude.
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Box 1 Figure. (4) Evolution of mean attitude (A) toward the
need for change, depending on the perceived seriousness of
problems (P) such as food insecurity or violence, and on so-
cial pressure to adhere to the same attitude, as a group ap-
proaches a transition (F1). (B) The detrended fluctuations in
attitude from A, which rise prior to the transition. (C) The
temporal autocorrelation (AR1) of the detrended fluctua-
tions in attitude from B. (D) The standard deviation of the
detrended fluctuations in attitude from B. Kendall’s rank
correlation (t) of the autocorrelation and standard deviation
with time shown in C and D.

Scheffer et al.
Loss of resilience preceded transformations of pre-Hispanic Pueblo societies

of this series of rising temporal autocorrelations occurring by chance
is small (P = 0.0038; SI Appendix, Table S1). This result is robust
against methodological choices such as data smoothing, the size of
the moving window used for the computation of correlation, and
the kernel width used for detrending (SI Appendix, Figs. S5 and S8).
Note that the lag-1 autocorrelation is occasionally negative, espe-
cially at the beginning of periods. This suggests a tendency for an
alternation of years with higher and lower tree-felling activity in a
2-y cycle. To check how this might influence our results, we applied
a 2-y moving average and repeated all analyses. This removed the
negative autocorrelation but left all results qualitatively the same (S
Appendix, section IIT and Figs. S9 and S10). In all periods we also
find a marked increase of variance in the detrended fluctuations
(Fig. 3 P-T) consistent with critical slowing down (28). By itself,
variance is a less robust indicator than temporal autocorrelation, but
simultaneous rising trends in both indicators strongly suggest the
occurrence of critical slowing down (40), pointing to a loss of
resilience as those societies approached the end of a period.

The pattern in the late PIII period, however, is different from
what we see in the other periods (see SI Appendix, Fig. S4 for a
detailed analysis of PIII). Autocorrelation and variance do rise
over the early PIII period, but then there is a sharp drop of
construction activity marking the start of the late PIII period (at
1217 CE). This transition does not correspond to the onset of a
new Pecos period but nonetheless involves a marked change in
construction activity. The abrupt drop in tree felling is followed
by about a decade of constant anomalously low activity (Fig. 2
and SI Appendix, Fig. S4). Trends in both autocorrelation and
variance over the late PIII period are erratic. One possibility is
that those are simply statistical vagaries due to noisy data. After
all, the entire PIII period is short relative to the other periods
and splitting it into subperiods further reduces statistical power
(SI Appendix). However, as we argue below, there is also the
possibility that the change during late PIII was fundamentally
different from what happened in any of the other periods.

Probing the Role of Climatic Variability

In these Pueblo societies most of the diet consisted of maize
(41, 42). Maize productivity varied greatly from year to year
depending partly on temperature but mostly on precipitation
variability (15). To examine the potential role of climate in
driving social dynamics, we analyzed how fluctuations in tree-
cutting activity relate to annual variation in climate characteris-
tics relevant for maize production (Fig. 2). The climate indicator
we used is the fraction of the study area with conditions con-
ducive to successful maize harvests as inferred from tree-ring
data sensitive to local variability in temperature and precipita-
tion (15). Overall, variations in construction activity were cor-
related to the suitability of climatic conditions for maize
production averaged over (the preceding) 6 y (SI Appendix,
Table S1), especially when using a 2-y averaging to remove the
biannual cycle tendency in tree-cutting activity (SI Appendix,
Table S2).

However, a look at the patterns of maize productivity over the
different periods immediately reveals that the societal transfor-
mations were not simply driven by climate downturns (Figs. 2
and 3 F-J; see also ref. 43). Marked dips in maize productivity
occur throughout all periods without leading to collapse. Al-
though BMIII and PI do indeed terminate in times of low pro-
ductivity, these downturns were not as extreme as some earlier
episodes which did not coincide with a period termination. At
the end of PII, construction activity declines before the mid-
1100s drought. A correlation between some of the social tran-
sitions with episodes of poor maize productivity suggested by
earlier work (15) was based on kernel-smoothed production es-
timates, thus involving conditions for maize productivity over the
past years but also the coming years around any data point.
Instead, we focus on climate conditions over the recent past
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Fig. 2. Dynamics of construction activity and climate suitability in pre-Hispanic Pueblo societies. (A) Number of trees felled in any year as a proxy for
construction activity. (B) Fraction of the area with climatic conditions conducive to successful maize dry farming estimated using temperature and precipi-
tation inferred from tree-ring data (15). The red line represents the average climate suitability over the preceding 6 y. Vertical dashed lines indicate the onset
of “collapses” inferred from episodes of dwindling construction activity (gray parts of the dynamics) corresponding closely to terminations of recognized
cultural periods [BMIII, PI, PlI, and PIlI (15)]. Colored parts mark the phases of growing construction activity over which we scanned for indicators of changing

resilience (Fig. 3).

(the current year and the five preceding years; see smoothed
curves in climate suitability panels of our figures), since, logically,
social dynamics cannot be driven by future climatic conditions.
Things are different, however, for the PIII period. The early-
to-late PIII transition coincides with years of unusually poor
growing conditions for maize (44) (Fig. 2; for more detail see S/
Appendix, Fig. S4 C and F). Late PIIL, however, is characterized
by improved maize growing conditions (Fig. 3/), even as the
farming population had presumably begun to leave the northern
portions of this area. In the southern portion, populations began
to spatially contract, meaning the proportion of occupied land
within the study area was decreasing. The final collapse of
building activity beginning in the 1270s was indeed accompanied
by a strong climatic downturn (Figs. 2 and 3 E and J). Finally, the
termination of PIII coincides with the emigration of the entire
remaining farming population from the Four Corners toward
destinations to the south and southeast (45). Together with the
anomalous patterns of autocorrelation in building activity, this
suggests that the famous and dramatic end of late PIII was in-
deed unlike any of the earlier transitions in Pueblo society.

Discussion

Our results suggest that rising social fragility led to most of the
repeated transformations of Puebloan societies in the American

40f8 | PNAS
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Southwest between AD 500 and 1300. Increasing temporal au-
tocorrelation together with rising variance is a tell-tale sign of
critical slowing down associated to loss of resilience (25, 27, 28).
Also, independent evidence for increasing violence toward the
end of PI, PII, and PIII (46) is consistent with our theory of
dwindling resilience of the business-as-usual situation. If our
diagnosis is correct, and these societies became increasingly
fragile over time, what could be the mechanisms behind that
repeated pattern? Although reconstructions necessarily remain
speculative in part, other archaeological data and climate re-
constructions make it possible to fill in more of what actually
may have happened (9, 15, 46).

For instance, piecing together diverse lines of evidence
Bocinsky et al. (15) have hypothesized that the cyclic pattern of
construction activity in these societies may represent alternate
phases of exploration and exploitation. During the exploration
phases, populations spread out more on the landscape and may
have experimented with new locations and social forms. In such
periods, some practices and places likely proved to work par-
ticularly well. Those ways of doing things may have expanded,
establishing the status quo during the subsequent period of ex-
ploitation. In exploitation phases, successful clusters likely grew
from both internal demographic processes and immigration to
these attractive areas. Cultural transmission and emulation along
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Fig. 3. Proxies for social and climatic dynamics leading up to collapse of construction activity in each of the archaeologically distinct periods. Note that the
Plll period was divided into Early and Late PlIl (see the main text and S/ Appendix, Fig. S4 for the entire PIlIl). The periods correspond to those color-coded in
Fig. 2. (A-E) Construction activity inferred from number of trees felled (as in Fig. 2). The datasets are plotted together with the smooth curve used for
detrending before computing the indicators shown in the other panels (see S/ Appendix for methods). (F-J) Reconstructed proportion of the study area
suitable for dry farming of maize (15). The smoother red curves represent climate suitability averaged over the past 6 y. (K-O) Slowness of dynamics in
construction activity indicated by the lag-1 autocorrelation AR(1). Dashed lines indicate high P values (P> 0.1). (P-T) SD of fluctuations in construction activity.

with these population movements likely increased stylistic con-
formity across the region. Maize farming and other activities
were productive, while social and ritual practices were tuned to
successfully stabilize the system.

While this reconstruction seems plausible, it is precisely during
periods of seemingly thriving exploitation that we find evidence
for critical slowing down. Why did their apparent success un-
dermine resilience over time? One possibility is that the rising
temporal autocorrelation should be read as an increasing ten-
dency for people to simply do what they did last year, rather than
what would be most appropriate given current climatic condi-
tions. However, this model of increasing unresponsiveness to
environmental conditions would likely not result in the increas-
ing variances that we also see in these sequences. More to the
point, most periods evidence increasing and positive cross-
correlations between tree-cutting activity and the climatically
controlled size of the maize-growing niche (SI Appendix, Tables
S1 and S2) (though only one of these is statistically significant).
So, we see little evidence for this hypothesis.

Scheffer et al.
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Other possibilities deal with processes that would be expected
to increase over the life of villages in this area as they increased
in size. Local growth and aggregation at the village level could
lead to shortages as per-capita production decreased and
accessing increasingly distant fields became harder (47). Rising
inequality during periods of exploitation may have contributed to
tensions, as small initial differences in quality and quantity of
lands held and workforce sizes in each lineage occupying par-
ticular villages led to differential wealth accumulation across
lineages. Indeed, for the VEPIIN region of southwestern Colo-
rado there is evidence for peaks in wealth differences in late PI,
late PII, and early PIII followed in each case by peaks in violence
(48) coinciding with poor climates for maize production, which
may have been their proximal cause (47). The overall image
might be one in which declining per-capita yields, increased in-
efficiency in access to fields, depletion of slowly renewing re-
sources near large villages, increasing inequality, and perhaps
mounting disease under aggregation (49)—all demonstrable ex-
cept the last—tended to reduce resilience of the acceptance of
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business-as-usual social dynamics. Food shortages, resentments,
and outbreaks of violence are logical outcomes under this sce-
nario, further delegitimizing the practices and rituals that tied
people and places together, as well as trust in local leadership.
Violence would have been particularly deleterious since it would
simultaneously inhibit access to more remote fields while also
promoting further aggregation for security (50). As resilience of
acceptance of the status quo declined such outbreaks may have
taken longer to fade away, effectively corresponding to critical
slowing down as reflected in rising autocorrelation and variance
of sentiments and deviations from the normal pattern of activi-
ties. It is likely that the transformations that eventually happened
were overdue, as the psychological “sunk-cost effect” of the
physical structures and entire set of beliefs, rituals and social
practices would have discouraged people from abandoning the
established way of doing things, even if it would rationally have
been the best thing to do for some time already (9). Eventually,
however, an unstoppable contagious shift of attitude (as in our
abstract minimal model) may have cascaded through these so-
cieties, leading to radical abandonment of the status quo.

Not all transitions were the same, however. The most dramatic
took place at the end of PIII, with massive migrations and
abandonment of many practices, some of which had been prev-
alent for centuries (51). Our findings underline its distinct
character. Although climatic conditions for maize cultivation
temporarily improved (and autocorrelation dropped, which
suggests growing resilience in this brief episode), the emigration
that terminated PIII was accompanied by a strong climatic
downturn. It thus seems that the final move out of the region was
of a different character altogether than the series of transitions
that preceded it. Possibly, societies were sensitized already by the
sharp drought marking the end of early PIII followed by a decade
of anomalously low building activity. Notably, large-scale immi-
gration during the early-to-late PIII transition (around 1220),
possible pressure from foraging groups (52), and the attraction to
a new way of life forming in the northern Rio Grande and
elsewhere all seem to have decisively changed the dynamics in
ways we do not yet fully understand (see also ref. 53). In any
case, this grand final transition was different from anything that
happened before.

Most discussions of “collapses” and climate in archaeology
suffer from rather broadly dated paleoclimatic proxies, or prox-
ies with uncertain effects on society, or broadly dated archaeo-
logical periods—or all three—making it difficult to obtain
“robust and nuanced causal interpretations about the links be-
tween human societies and their environment” (54). Here we
profit from a paleoclimatic proxy that is directly linked to agri-
cultural production and a behavioral proxy that is directly linked
to construction activity, both having annual resolution. Such
unambiguous temporal linkage between climate and social ac-
tion cannot always be obtained even in the historical record. We
find that some Puebloan transformations that seemed linked to
climate have an important social component, but we also con-
clude that the famous final depopulation of the northern
Southwest lacks those internal social early warning signs visible
in earlier transitions and therefore must be attributed to external
factors including climatic variability and external social pres-
sures. Clearly the relationship between climatic variability and
social success must be analyzed with care.

In conclusion, our results resonate with archaeological evi-
dence that successful Puebloan societies repeatedly lost resil-
ience in a persistent pattern until at least the early 1200s. Such
loss of resilience implies that eventually even minor adverse
events could trigger a societal transformation. In this record,
social dynamics typically determine which climatic events or
other perturbations will precipitate reorganization. This pattern
may be common in other societies, and this may be one reason
why it is often difficult to find clear correlations between climatic
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perturbations and transformations (see also ref. 55). Signs of
critical slowing down have also been found in Neolithic Euro-
pean dynamics before regional collapses were observed that had
no obvious relationship to climate conditions (56, 57). Even
premodern states in which “good governments” created a social
environment providing benefits to citizens were subject to col-
lapse when “eventual moral lapses in the central leadership
brought loss of citizen confidence, decline in fiscal health and
government services, demographic decline, growing inability of
the central authorities to control crime and administrative cor-
ruption, and the eventual rise of opposition movements and
political polarization” (58), not unlike the conditions we suspect
toward the end of three of our periods of exploitation. This does
not mean that major climatic extremes cannot play a decisive
role in driving societies to collapse or reorganize—as they seem
to have had among Pueblo societies in the mid-late 1200s—but
the interplay of such external forcing with the internal social
dynamics is critical to understand. Here we provide an avenue
for doing precisely that. A climate event such as a prolonged
drought may trigger a critical transition toward abandoning the
old way of doing things, but the chances for this to happen will be
larger if there is already a latent discontent due to growing
constraints on success such as inequality, extreme aggregation,
violence, or other factors that may slowly accumulate through
multiple generations.

Materials and Methods

Our time series consists of yearly counts of the wood-cutting dates found on
archaeological sites (15). The results presented in the main text occasionally
show some negative lag-1 autocorrelation, especially at the beginning of
periods. This appears to signal a tendency for an alternation of years with
higher and lower tree-felling activity in a 2-y cycle. To check how this might
influence our results we removed this negative autocorrelation using a 2-y
moving average and repeated all analyses. As shown in S/ Appendix, section
Il and Figs. S9 and S10 all main results remain qualitatively similar. The
periods of high tree-cutting activity were followed by collapses of activity.
The trends in resilience indicators before each of these collapses were de-
termined using the method of Dakos et al. (32). This method is designed to
test the hypothesis that the resilience gradually decreased before the col-
lapse. We first determined the time of collapse in each of the regimes by
visual inspection. The resulting six time series were detrended with a
Gaussian kernel smoothing algorithm with a default bandwidth of 30 y. This
detrending is needed as a change in trend can cause a change in autocor-
relation and variance which is not related to critical slowing down (38). The
detrended data were further analyzed using a sliding window. We used 60 y
as the default size of this window. As the time series for the early- and the
late-Plll period are much shorter than the other periods we had to use a
smaller bandwidth for the detrending kernel (15 y) and a smaller size of the
moving window (20 y). As results depend on such choices we analyzed the
robustness of the results for a broad range of bandwidth and window sizes
(S Appendix, Figs. S5, S7, S8, and S10).

The lag-1 autocorrelation and SD of the detrended data are computed for
each position of the moving window and plotted at the last year of the
window. Thus, those indicators characterize the period preceding the data point.
This is important to make them useful for the analysis of what happens pre-
ceding a collapse (38). For the same reason we excluded the data of the collapses
themselves. The lag-1 autocorrelation was determined by fitting a one-variable
autoregression model. The trend in these resilience indicators before each col-
lapse was determined as the Kendall's  rank correlation.

The significance of Kendall's T rank correlation can be looked up directly.
However, since time-correlated data may produce spurious results we took a
more careful bootstrap approach. For each of the time series we determined
the probability of obtaining the Kendall © by chance by comparing them
with 7 values determined using 1,000 randomized surrogate datasets of the same
size. The surrogate datasets were generated by randomizing the phases of the
power spectrum (59) of each of the original datasets. The estimated P values were
determined as (n + 1)/1,000, where n is the number of times that the Kendall t of
the surrogate datasets exceeded the t of the original dataset. We used Fisher’s
combined probability test (60) to estimate the combined probability of the P values
of the regimes by chance. We also explored the robustness of the results by testing
the sensitivity of our Kendall = values to the choice of the smoothing bandwidth
and the size of the sliding window (S/ Appendix, Figs. S5, S7, and S8).
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To illustrate how loss of resilience of the status quo in a society may be
detected from time series, we use a simple model of attitude toward the
status quo (20, 34, 35):

At =tanh(P + c Aiq + o &(D)).

Here A; is the mean attitude toward the need for change at time t,
depending on the perceived seriousness of problems (P) such as food
insecurity or violence, and on social pressure (c) to adhere to the same
attitude that is held by your peers. There is also a random factors &(t)
that we may think of as the effect of climatic variability scaled by ¢. As
the perceived seriousness of problems increases the mean attitude first
changes hardly at all due to the contagiousness of attitude, until the
tipping point (F1in panel A) is reached where the vast majority suddenly
wants things to change. If we expose this model to random perturbations
(6> 0) the attitude (A) fluctuates. One implication is that the shift to the
alternative attitude will not happen precisely at the bifurcation point as
the fluctuations can drive attitude across the critical saddle point for self-
perpetuating change (the dashed unstable part of the equilibrium curve).
More importantly, if we drive the model toward the tipping point by
gradually increasing the perceived seriousness of the problems (P) the
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A minimal model of attitude shifts

To illustrate the phenomenon of critical slowing down, consider a minimal model of abandoning the
status quo in a society. We define a variable attitude (4) which measures the average opinion and can
range from -1 (acceptance of the status quo) to +1 (rejection). Note that the model is not meant to
realistically describe what happens in the Pueblo societies, but merely to illustrate how observation of
indicators of critical slowing down may reveal loss of resilience (1).

To see how we can set up such a model, imagine a society consisting of numerous individuals, each one
somewhat different from the others. Now, for each person let the attitude towards the need for change be -
1 if she is content with the status quo and +1 if she is discontent and wants things to change. All
individuals determine their attitude towards the need for change depending on their own perceptions of
the seriousness of problems (think for instance of food insecurity, unfair inequality or danger from
uncontrolled violence). However, importantly they also have a tendency to copy the attitude of their peers
which can lead to cascading change once a critical threshold is passed. We may capture the dynamics of
the mean attitude across such a society in a simple stochastic difference equation, based on a common
approach to describe shifts in opinion (2, 3):

Ar=tanh(P + c A;_1 + 0 &(t)) (1

Where 4, is the mean attitude of people towards the need for change at time ¢, depending on the perceived
seriousness of problems (P) such as food insecurity and violence, and the social pressure (c) to adhere to
this same average attitude as in the previous time step (4., ). There is also a normally distributed random
factor £(t) scaled by 0. We may think of this as the effect of an external forcing such as the effect of
climatic variability on harvests. The tanh function makes sure that attitude (A) remains between -1 and 1.

The basics of the model are simple. If peer pressure (c, the tendency to adhere to the same average
attitude as in the previous time step) is small, the mean equilibrium attitude is a smooth function of the
perceived seriousness of the problem, as gradually more and more individuals see the need for change.
However, if the tendency to adhere to the same attitude is large this model predicts classical hysteresis
and tipping points in attitude (Fig. S1). In this situation, as the perceived seriousness of the problems
rises, the mean attitude first changes hardly at all due to the contagiousness of attitude, until the tipping
point (a saddle-node bifurcation in technical terms) is reached where a shift to the alternative attitude (+1)
occurs implying a situation where the vast majority suddenly wants things to change.



Figure S1. The equilibrium average attitude (A) to a problem as a function of perceived seriousness of the
problem (P) and the social pressure to maintain the same attitude (c). The combinations of ¢ and P where
tipping points occur are shown below (blue line).

If we expose this model to noise, the attitude (4) always fluctuates. One implication is that the shift to the
alternative attitude will not happen precisely at the bifurcation point as the fluctuations can drive attitude
across the critical saddle-point for self-perpetuating change (the dashed unstable part of the equilibrium
curve in panel A of the figure in box 1 of the main text). More importantly, the subtle nature of the
fluctuations can tell us something about the resilience even far away from the shift.

If we drive the system towards the tipping point by gradually increasing the perceived seriousness of the
problems (P) the temporal autocorrelation of the detrended fluctuations (the residuals presented in panel
B of the box 1 figure in the main text) rises prior to the shift towards the alternative attitude (panel C in
the figure in box 1 of the main text). This is the indicator of loss of resilience reflected in critical slowing
down. On an intuitive level, one may think of this as resulting from the fact that the recovery rate from
small perturbations goes to zero, thus leaving the state more correlated to the previous time step. Another
way of framing the effect of critical slowing down is that the memory of the system increases. Thus,
rising temporal autocorrelation is an indicator of decreasing resilience. Also, variance of the detrended
fluctuations rises, which may be understood as an effect of critical slowing down too, as the decreased
return rate to equilibrium causes the system to show a behavior that is more like an unconstrained random
walk. While both autocorrelation and variance of detrended fluctuations may be affected by factors other
than critical slowing down, the synchronous rise of those two indicators is considered a strong indication
for a decrease of the intrinsic return rate to equilibrium and thus for a decrease of resilience. Note that
those resilience indicators are not specific to the model we used here as an example. Critical slowing
down occurs in a wide range of models and real-world systems as they approach a tipping point
corresponding to a zero-eigenvalue bifurcation. Several overview articles give an accessible and extensive
background on the nature and detection of those phenomena (1, 4, 5).



Cyclic transformations

The Pueblo societies we study go through a repeated series of transformations. To see how this may be
mimicked by the model we assume that the perceived seriousness P increases gradually in time with
speed yi. When the attitude shifts, we simply reset the system by letting P rapidly decline (with an
arbitrary speed y2)

Poy+ 71  if Ay <0
P:{t1 . 2
APy — 12 if Ap=1 20 @

We then applied our analysis of indicators of declining resilience to this model for illustration (Fig. S2).
For this analysis, we simulated the model (equations land 2) 1000 times for 1500 years starting with a
perceived seriousness P; of -1 and an attitude A4, of -1 (Figure S2A). For each of these time series we
extracted the increasing parts per cycle starting from attitude A, of around -1 till just before the critical
transition, which was defined as the time where a strong jump (by more than 0.5 units) in the attitude A,
occurred. This way, for each run of 1500 years, 4-5 segments of cycles were selected (total number of
segments: 4047). For each of these segments we analyzed the indicators of resilience (see Section II of
this Supplementary Information). The analysis of the Kendall’s t of the autocorrelation with time (Fig.
S2b) shows that although the distribution of Kendall’s 1 is clearly different from the null model, there is a
rather large probability of missing critical slowing down due to the limited number of data points (here ca.
300 points).

T

Opinion
Kendall's

LA I

Figure S2. Statistical properties of our indicators of loss of resilience (see section Il) illustrated on results
of the cyclic version of the attitude model. Panel A: an example of a 1500-year run (the shaded area
indicates the 5% and 95% percentiles of 1000 runs). Panel B: probability distribution of Kendall’s rank
correlation () of the autocorrelation with time based on each increasing segment of cycles selected from
1000 runs of the cyclic opinion model (number of analyzed full cycles: 4047, number of data points per
cycle ca. 300 points, size of the sliding window 50 % and bandwidth of smoothing 10 % of the data set)
and the null model from which rising resilience is absent.




Table S1 Trends in temporal autocorrelation of tree-cutting activity for each of the periods (first
two columns) and trends in cross-correlation between activity and maize niche size as climate
indicator (3rd and 4th column) leading up to transformations. All these trends were determined
in a moving window of 30 years (Early and Late PIII) or 60 years (all other cases). The
significance was determined with a null model. The last two columns represent the overall
correlation between activity and climate over each of the whole periods (rather than trends as in
the previous columns). In the last two rows the combined p-values for indicated regimes are
determined using Fisher’s combined probability test.

Trend in AR construction Trend in cross correlation Mean cross correlation
tivit betw
Regime(s) actvty Activity — climate ehweer
Activity — climate
Kendall-t p-value Kendall-t p-value Kendall-t p-value

BM 1T 0.68 0.052 0.43 0.18 0.078 0.12
PI 0.61 0.082 0.46 0.17 0.087 0.10
P 0.62 0.028 -0.18 0.67 0.15 0.0004
Early P III 0.70 0.031 0.45 0.15 0.15 0.08
Late PIIT -0.14 0.613 -0.26 0.72 0.13 0.13
Whole PIIT -0.78 0.927 -0.16 0.60 0.07 0.24
BMIIL, PI, PII Early + Late PIIl | x*(10)=26.0 0.0038 X(10)=12.1 0.30 x’(10)=33.5 0.0002
BM III, P I, P II, Whole PIII 1(8)=18.2 0.019 1(8)=8.3 0.37 1(8)=27.2 0.0006
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Figure S3. Violin plots of the Kendall t values of the 1000 surrogate data generated for each of
the periods. The actual T value found in the original data is shown as red circle. Note how in the
late PIII period the actual T value is negative, signaling a decreasing trend in autocorrelation.
This negative trend also prevails if the entire period 11l is analyzed using a large moving window
(thus emphasizing the change towards the end of the period).
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Figure S4. Patterns for construction activity, climate and resilience indicators for Pueblo III as

well as its two sub-periods (variables as in Fig. 2 of the main text.). Over early PIII there is a
steady rise of autocorrelation and variance in the construction activity, consistent with gradually
declining resilience. This pattern (similar to what we see in the other periods) leads up to a
sharp transition into late PIII, which is not recognized as one of the major transitions
archeologically, but nonetheless corresponds to a marked change if we consider our proxy for
construction activity. There is an abrupt drop (around 1218) in construction followed by about a
decade of remarkably constant anomalously low activity. This early-late PIII transition is
preceded by a few years with unusually bad climates for maize dry farming (the blue curve in the
climate panel represents estimated maize productivity over the past two years, the red curve
represents the mean over the preceding six years). The subsequent late PIII (unlike any other
period) shows no significant trend in SD. Looking at PIII as a whole, it increases, but this due to
computation over a longer window. AR-1 also initially stays roughly the same over late PIII,
until from about the late 1250’s it steeply declines, coinciding with a marked increase in climate
conditions for maize production. Thus towards the end of (late) PIIl we seem to see the signs of a
society that becomes more resilient (as reflected in the fluctuations in construction activity) and
over its last two decades experiences a steady and strong improvement of maize growing
conditions. Note, however, that the subsequent decline in building activity (after 1274) does go
hand in hand with worsening climate conditions for maize production (see Fig. 2 of the main
text).



Figure S5. Sensitivity of the obtained Kendall-t values to the sliding window and filtering
bandwidth for the autocorrelation of the construction activity. The default bandwidth used for
the results presented in the main text is indicated with an asterisk.
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Figure S6. Relationship between construction activity and climate suitability. Panels A-J are
also presented in the main text. Panels K-O show the variation over time of the cross correlation

between construction activity and climate suitability for maize production. While those two

variables tend to be positively correlated (better maize years correspond to higher construction

activity), this correlation does not show consistent patterns over time across the periods.
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Figure S7. Sensitivity of the obtained p-values to the sliding window and filtering bandwidth for
cross correlation. The default bandwidth used for the results presented in figure S6 is indicated
with an asterisk.
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Figure S8. The sensitivity of the Fisher’s combined p values for the filtering bandwidth and
sliding window in the periods BM III, P I, P II, and the whole P III.
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II.  Results with 2-year smoothing
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Figure S9. As Fig. 3 but with 2-year smoothing. The cross correlation as in Figure S6 with 2-
year smoothing.
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Figure S10. Sensitivity of the p-values for the bandwidth and window size as in Fig. S5 but with
2-year smoothing.
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Table S2 the same as Table SI1 but with 2-year smoothing

AR construction activity Trend in cross correlation Overall correlation
Regime(s) Activity - climate Activity - climate
Kendall-t p-value Kendall-t p-value Kendall-t p-value
BM Il 0.66 0.053 0.047 0.463 0.15 0.0027
Pl 0.69 0.046 0.61 0.062 0.12 0.019
I/ 0.50 0.094 -0.37 0.861 0.21 <0.00001
Early P Il 0.49 0.12 0.4 0.172 0.30 0.00069
Late PIII -0.33 0.82 -0.14 0.628 0.21 0.012
Whole PIII -0.71 0.91 -0.26 0.663 0.12 0.051
BM I, P1, P1I, Early + Late PIIl | x2(10)=21.5 | 0.019 2(10)=11.8 | 0.30 ¥2 (10)=70.5 | <0.00001
BM III, P I, P II, Whole PIII 2(8)=17.0 | 0.03 $2(8)=8.22 0.41 %2 (8)=53.0 <0.00001
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