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The emergence of alternative stable states in forest systems has significant
implications for the functioning and structure of the terrestrial biosphere, yet
empirical evidence remains scarce. Here, we combine global forest biodi-
versity observations and simulations to test for alternative stable states in the
presence of evergreen and deciduous forest types. We reveal a bimodal dis-
tribution of forest leaf types across temperate regions of the Northern
Hemisphere that cannot be explained by the environment alone, suggesting
signatures of alternative forest states. Moreover, we empirically demonstrate
the existence of positive feedbacks in tree growth, recruitment and mortality,
with trees having 4-43% higher growth rates, 14-17% higher survival rates and
4-7 times higher recruitment rates when they are surrounded by trees of their
own leaf type. Simulations show that the observed positive feedbacks are
necessary and sufficient to generate alternative forest states, which also lead to
dependency on history (hysteresis) during ecosystem transition from ever-
green to deciduous forests and vice versa. We identify hotspots of bistable
forest types in evergreen-deciduous ecotones, which are likely driven by soil-
related positive feedbacks. These findings are integral to predicting the dis-
tribution of forest biomes, and aid to our understanding of biodiversity, car-
bon turnover, and terrestrial climate feedbacks.

Alternative stable states exist in ecological, climatic, and social
systems', In such systems, feedbacks maintain the state of the system
unless gradual forcing or perturbations become too large and cause
abrupt, critical transitions between stable states’. An important
example of alternative biome states is the forest versus savanna dis-
tinction, whereby fire feedbacks play a key role in maintaining one or
the other state*’. Yet, it remains unclear whether different tree func-
tional groups form alternative stable states within forest systems, and

what feedbacks might drive them, limiting our capacity to predict state
changes that affect terrestrial carbon turnover, water dynamics and
nutrient cycling®.

Forests are either deciduous or evergreen or a mix of the two’, and
the distribution of these forest leaf types underlies dynamic global
vegetation models®°. Deciduous trees that shed all leaves during
unfavorable periods differ from evergreen trees in a variety of ecolo-
gically- and climate-relevant leaf traits, such as life span, nutrient
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concentration, and photosynthesis, respiration, and decomposition
rates’™"?. Whether evergreen and deciduous forests form alternative
stable states or not thus fundamentally determines the potential
abundance of forest leaf types™', affecting global conservation and
restoration efforts, the structure and function of forest ecosystems>">*¢
and the global climate system®".

The global distribution of leaf phenology strategies (evergreen
versus deciduous) is strongly linked to environmental conditions, with
evergreen species being most abundant in warm, a-seasonal, and
humid regions (broadleaf evergreen) or cold and nutrient-poor
regions (needleleaf evergreen)”’®'°. However, evidence suggests that
biological feedbacks within forest stands may also drive leaf phenol-
ogy strategies, whereby the dominant type in a community may favor
the establishment and survival of its own type (the con-phenological
feedback)'***°, For example, many evergreen trees (especially con-
ifers) have an advantage over deciduous species in nutrient-poor and
acidic soils”*. High concentrations of tannins and phenols as well as
low N concentration in evergreen leaves decrease the soil pH and rates
of leaf decomposition, further limiting soil fertility and, in turn,
favoring the dominance of evergreen species’”*. Similarly, deciduous
trees may also favor their own phenology type by shedding less tannic,
nutrient-rich leaves that can quickly be decomposed®. Furthermore,
the dominance of either leaf type can lead to an accumulation of ‘con-
phenological’ seeds and seedlings, which may strengthen the positive
feedback®. If these positive feedbacks are strong enough, they can
generate alternative stable states of evergreen and deciduous forests®,
with strong implications for the resilience of ecosystem structure and
functioning'.

Although positive feedbacks have been proposed by theoretical
studies to stabilize alternative stable states of leaf phenology
strategies”*®, empirical evidence for this hypothesis is still scarce. This
is partly due to trees’ slow growth and turnover rates, which compli-
cate the acquisition of time-series data across multiple generations —
essential for testing alternative stable states in forest ecosystems'. In
addition, multiple competing hypotheses*?*° limit the empirical

A

o
N

Relative Frequency

0.00 025 0.50 0.75 1.00 0.6 0.4 0.2 0.0
Relative Abundance Evergreen Trees Spearman's rank correlation coefficient

Fig. 1| Bimodal patterns of forest types at the continental and global scale.
A The spatial distribution of 45,276 forest inventory sites from the FIA was used for
the continental analysis. The continuous color scale represents the relative abun-
dance of evergreen trees within a plot (red = 100% deciduous; blue = 100% ever-
green). B Histogram of the observed plot-level evergreen percentage across the
mainland US. The black dots and error bars show the medians and 2.5-97.5%
quantiles of the null model predictions driven by environmental filtering (zero
adjusted Poisson distribution). C Spearman’s rank correlation coefficient between

testing of alternative stable states. Further, we lack a spatial under-
standing of where alternative forest phenological states are likely to be
present, and what specific factors might drive these biogeographic
patterns.

Emerging approaches reveal how different criteria can be used to
empirically test their presence*°. For instance, if phenological
alternative-stable-states exist, then most forests should be dominated
by either evergreen or deciduous trees, with mixed forests being rarer
than predicted by chance®. Therefore, bimodal patterns of forest
types should represent signatures of alternative stable states if
the effects of other confounding processes that can also
generate bimodality, such as environmental filtering and monoculture
plantation””, are controlled for*°. As such, the presence of alternative
stable states can be tested using multiple distinct lines of evidence®*":
(i) the frequency distribution of observed leaf phenology strategies is
bimodal, and this cannot be explained by environment or manage-
ment alone. (ii) Demographic positive feedbacks in recruitment,
growth and survival lead to the promotion of the same leaf phenology
type. (iii) The observed feedback is strong enough to generate and
maintain bimodality through time under environmental heterogeneity
and demographic stochasticity. (iv) Dependency on initial conditions
(hysteresis) exists during transition from one stable state to another.
When these four criteria align, this provides evidence that the bimodal
distribution is the result of alternative stable states, stabilized through
feedback processes.

We here use a combination of empirical data analysis and data-
driven simulations to (a) test these four criteria for the existence of
alternative stable states in leaf phenology, and (b) quantify the spatial
extent of this phenomenon. We reveal bimodality in the distribution of
forest leaf phenology types, even after accounting for environmental
filtering and monoculture plantations, and quantify the con-
phenological demographic feedbacks underpinning these bimodal
patterns. We also show that the observed feedbacks are necessary and
sufficient to generate and maintain alternative stable states of leaf
phenology, which lead to hysteresis during ecosystem transition. Our
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evergreen abundance and deciduous abundance in the observed data (red bar)
versus the simulated results of the null model (black histogram). D The location of
815,578 forest plots from the global GFBI database. E and F are the same as panels B,
and C, but for the global data. Hartigan’s dip test™ showed significant multi-
modality (here is bimodality) in the observed values in panels B (n = 45,276, one-
sided p-value < 0.001) and E (n = 815,578, one-sided p-value < 0.001). Source data
are provided as a Source Data file.
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Fig. 2 | Observed positive feedback in con-phenological demographics in the
mainland US. A Survival probability of an individual deciduous tree (DE, red) or
evergreen tree (EV, blue) within a purely evergreen or deciduous forest stand.

B Individual deciduous or evergreen tree growth (stem diameter increment in cm
per year) when the surrounding trees are purely evergreen or deciduous.

C Recruitment rates of deciduous or evergreen trees in deciduous or evergreen

dominated forest plots. All plotted data are 100 samples drawn from the 95% CI of
the corresponding full model (n =45,276), controlling for environmental condi-
tions and stand structure. Results are presented as boxplots (medians as centre
with 25th and 75th percentile as bounds). The differences between all compared
pairs are highly significant (one-sided t-test p-value < 0.001, n=100). Source data
are provided as a Source Data file.

spatial models further revealed hotspots of alternative stable states
in evergreen-deciduous ecotones across temperate regions of the
Northern Hemisphere.

Results

Bimodal patterns of forest types

To test whether bimodal patterns exist at the continental and global
scale and whether environmental filtering is sufficient to explain these
patterns, we used forest plot data from the Forest Inventory
and Analysis (FIA) Program® of the US and the Global Forest
Biodiversity Initiative (GFBI)**. Species-level leaf phenology classifi-
cation (evergreen versus deciduous) came from the TRY database®,
and we computed the plot-level relative abundance of leaf phenology
strategies based on the stem density (number of stems per plot) of
each type. To control for the effects of human management, we
removed managed plots from the FIA data and monoculture plots
(containing <2 species) from the GFBI data. The remaining data show
clear bimodality in leaf phenology strategies, both at the continental
and global scale (Fig. 1B, E).

To control for the effects of environmental filtering, we fitted
generalized additive models (GAMs)™* to each phenological type. We
modeled plot-level evergreen/deciduous stem density as a function
of the ten leading environmental principal components, covering
impacts of climate, topography and human activity. We then sampled
random evergreen and deciduous stem densities for each plot
from the distribution expected under plot-specific environmental
conditions using the GAMs, and computed the relative evergreen
abundance in each plot (Fig. 1B, E). The data-model comparison
shows that environmental filtering alone is not sufficient to repro-
duce the magnitude of bimodality at both the continental and global
scale (Fig. 1B, E).

The alternative stable state hypothesis further predicts that the
absolute abundances of evergreen and deciduous trees at the plot
level are more negatively correlated than what would be expected if
only environmental filtering were to drive leaf-type abundances.
Indeed, the negative correlation between both leaf strategies was
much larger in the observed data than in the ensemble of modeled
abundances (p < 0.001, Fig. 1C, F), suggesting that factors apart from
environmental filtering drive leaf type distributions. This pattern
remained similar when correcting for overdispersion and when
applying the same analysis to European forest inventory data (Fig. S3).
Together, these results show that both environmental variables and
overdispersion cannot fully explain leaf-type variation at the con-
tinental and global scale, instead pointing toward other mechanisms
that drive alternative stable states of forest leaf phenology.

Strong positive feedbacks in forest con-phenological
demography

To explore whether demographic positive feedbacks drive the
observed bimodal patterns, we modeled tree mortality, growth, and
recruitment using 45,276 repeatedly measured forest inventory plots
across the mainland US. We used GAMs to incorporate and control
for the influence of environmental covariates, allowing us to separate
the influence of ecological feedbacks from potential covariation with
the environment. After controlling for environmental covariates,
stand conditions, and tree size, the results showed strong positive
con-phenological feedbacks, that is, trees perform better when sur-
rounded by their own phenological strategies. In particular, we found
that a deciduous tree has a 14 + 1% (mean + 95% CI) higher probability
of survival than an evergreen tree when both are growing in a forest
dominated by deciduous trees, while an evergreen tree has a 17 +1%
higher survival probability than a deciduous tree when both
are growing in an evergreen-dominated forest (Figs. 2A and S3).
Similarly, we found that, in evergreen-dominated forests, evergreen
trees grew 43 + 4% faster than deciduous trees, whereas in deciduous
forests, deciduous trees grew 4 +3% faster than evergreen trees
(Figs. 2B and S3). Furthermore, in evergreen forests, recruitment of
evergreen trees was much higher than that of deciduous trees and
vice versa (Figs. 2C, S3). Species-level analyses confirmed this,
showing con-phenological facilitation of recruitment and survival
among the 20 most abundant evergreen and deciduous tree species
in the US (Fig. S4). Demographic models refit to ecoregions of the
eastern US showed robust positive demographic feedbacks at
the sub-regional scale (Fig. S5). The same patterns were found for
European forest data (Fig. S6). These results support the existence
of con-phenological feedback, which may explain bimodality of
phenological strategies.

Effect of demographic feedbacks on forest succession
To understand if the con-phenological demographic feedbacks
observed over relatively short time scales have the potential to gen-
erate alternative stable states over long timescales, we ran a set of
forest demographic simulations. Specifically, we ran two groups of
simulations based on empirically fitted GAMs for growth, recruitment,
and mortality®. The first group of simulations allowed us to test
whether this feedback can generate alternative stable states from
uniformly mixed forests over long time periods (i.e., over multiple tree
generations), and the second group tests whether the feedback can
maintain alternative stable states.

The results showed that null model simulations could not gen-
erate and maintain a bimodal distribution of evergreen versus
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deciduous forests. In contrast, simulations driven by feedback models
reproduced the observed bimodal pattern of forest leaf phenology
(Fig. 3A-D). We then extended these demographic simulations to the
20 most abundant evergreen and deciduous species in the US to show
that the feedback model could maintain bimodal patterns, whereas the
null model couldn’t (Fig. S10). These findings suggest that positive
demographic feedbacks are sufficient to generate and maintain alter-
native stable states under demographic stochasticity, environmental
heterogeneity, and disturbances.

Hysteresis

The presence of alternative stable states in forest leaf phenology
strategies predicts that hysteresis will occur during the transition of
phenology strategies along environmental gradients. In temperate
regions, mean annual temperature (MAT) has been well documented
to drive the transition from evergreen forests (mostly needleleaf) to
deciduous forests (mostly broadleaf)”**. To test whether hysteresis
occurs during the transition from one dominant phenology type to
the other in response to temperature, we ran a third group of simu-
lations implemented along a gradient of MAT (-2 °C to +23°C, the
empirical range of MAT in forests across the mainland US). We split
the MAT gradient into 12 sections and initialized 1000 forests plots
for each section as either evergreen-dominated (800 purely ever-
green plots + 200 purely deciduous plots), or deciduous-dominated
(800 purely deciduous plots + 200 purely evergreen plots). We
simulated both ‘null’ (excluding feedback predictors) and ‘feedback’
scenarios for 2000 years to minimize the influence of demographic
lags on the model outcome. The feedback simulations accurately
predicted the observed decrease in evergreen dominance with
increasing MAT”* and revealed clear signs of hysteresis, with the
final leaf phenology type of forest plots under any given MAT
strongly depending on the initial phenological status (Fig. 3D).
Within each MAT group, the relative abundance of evergreen species
was higher under the evergreen-dominated initialization than under
the deciduous-dominated initialization. In contrast, null simulations
didn’t show significant initialization-dependent differences in final
abundances, indicating con-phenological feedback as the primary
driver of hysteresis (Fig. 3C).

Spatial extent of alternative stable states in forest systems
Alternative stable states in leaf phenological strategies are region-
specific, as environmental filtering may limit certain regions to only
one leaf type”*®. To generate a spatial understanding of the potential
presence of alternative stable states, we developed a random forest
model (see workflow in Fig. S8). We partitioned the global forest zones
using a ‘fishing net’ with 10 arc-min (-20 km) grid size. For each cluster,
we used forest composition information of all plots to calculate a
bimodality index (BI), which helped quantify bimodality in the leaf
phenology distribution (Fig. 4A). The BI ranges from -1 to 1, and we
empirically derived bimodality cutoffs, with Bls <-0.22 representing
deciduous-dominated clusters, Bls > 0.22 representing evergreen-
dominated clusters, and Bls of -0.22-0.22 representing bimodal
clusters (Fig. 4C).

To extrapolate the Bl across the Northern Hemisphere, we trained
a random forest model, including 62 environmental predictors cov-
ering spatial variation in climate, soil, topography, vegetation and
human impact (Fig. 4). The random forest models explained 71%
(coefficient of determination based on 10-fold cross validation) of the
global variation in the bimodality of leaf phenology. Spatially buffered
leave-one-out cross-validation showed that performance of the ran-
dom forest model remained satisfactory (R*=0.52) at a 500 km buffer
radius, at which scale no spatial autocorrelation in model residuals was
detected anymore (Fig. S12). The maps show that bimodal forests
mainly occur in ecotones between evergreen and deciduous forests
and at the poleward range limits of forest ecosystems (Fig. 4A, B).

An alternative approach using environmental instead of spatial clus-
ters showed consistent patterns (72% agreement between models,
Figs. S8 & S16). The models thus capture phenological bimodality
observed in well-studied ecotones like hemlock vs. maple forests in
northern Michigan®, US (predicted BI=-0.11), evergreen-oak vs.
deciduous forests in the Sierra Madre”, Mexico (predicted Bl =0.10)
and evergreen conifer vs. deciduous lime forests in southern Sweden*’
(predicted Bl =0.20).

Global variation in leaf phenological bimodality was best
explained by climatic variables, such as mean annual temperature and
temperature of the coldest quarter, while soil conditions played a
subordinate role (Figs. 5A, S23A & S24A). Yet, within bimodal clusters,
soil pH was the most important driver of the relative proportion of
evergreen trees in a plot, followed by soil nitrogen and annual pre-
cipitation (Figs. 5B, S23C & S24C). In both evergreen and deciduous
dominated clusters where there are no alternative stable states pre-
sent, climatic factors were more important than soil factors in
explaining relative evergreen abundance (Figs. 5B, S23C & S24C). A
principal-component-based analysis showed the same patterns
(Fig. S11), supporting that soil conditions, particularly soil pH, play an
important role in driving variation of forest phenological composition
in bimodal clusters.

Discussion

The spatial distribution of evergreen and deciduous forests, as well as
the factors governing their formation, have long been of great interest
to ecologists’*. To test for the existence of alternative stable states in
leaf phenological types and explore the involved mechanisms,
numerous theoretical studies have simulated positive feedback loops
between evergreen conifers, deciduous species, and their physical
environment, including soil nutrients, water availability, and climatic
conditions'*®*, Building upon this foundational research, we found
multiple lines of empirical evidence to suggest that the global dis-
tribution of deciduous and evergreen tree species is partially under-
pinned by ecological feedbacks that drive forest ecosystems towards
alternative stable states. The strong bimodality in the distribution of
deciduous and evergreen species can be observed even after con-
trolling for environmental filtering and overdispersion (Fig. 1), sug-
gesting that each leaf phenology type favors their own forest type via
positive feedback. In addition, we found higher growth, survival and
recruitment rates of deciduous trees in deciduous stands than in
stands dominated by evergreen species, and vice versa (Fig. 2).
Moreover, we were only able to reproduce the bimodal pattern in
empirically derived dynamical models when incorporating the feed-
backs. These ecological feedbacks are therefore likely to gradually
shift the distribution of forest types towards distinct alternative stable
states in certain environmental envelopes across the global forest
system.

Accounting for such biological feedbacks is particularly relevant
for biogeochemical modeling efforts that aim to represent the func-
tional variation in forest types across the globe. For example, to pre-
dict the presence of forest functional types, dynamic global vegetation
models currently use deterministic climate limits to predefine the area
where functional types can establish and then allow functional types
that pass the climatic filter to coexist and compete for resources®’.
Historic community composition, however, is ignored when predict-
ing the dominant functional type of an area®’. Our models support this
approach in that climatic constraints strongly drive the global dis-
tribution of forest types. Yet, we also reveal that, even under the same
climate conditions, the initial leaf phenology type of an ecosystem can
affect its final stable state (Fig. 3E, F), highlighting the importance of
including historic ecosystem status in dynamic global vegetation
models.

Our data and spatial models indicate hotspots of leaf phenological
alternative stable states in ecotones and the poleward range limits of
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forests (Fig. 4B). Ecotones between evergreen- and deciduous-
dominated regions are typically characterized by environmental con-
ditions that allow both leaf phenology strategies to coexist, thus
allowing each type to form patches (Fig. 4C middle panel) via soil-
related positive feedbacks>**”. Studies on alternative stable states of
forest vs. savanna systems have also shown that bistable regions are
located in-between forest- and savanna-dominated areas*’. The causes
behind the presence of bimodal clusters at poleward tree range limits,
however, remain elusive and warrant further investigation. The
dependence of forest composition in these bimodal regions on the

0.0

Mean Annual Temperature (°C)

initial ecosystem state cautions against simply using environmental
conditions to predict forest types in these areas.

At the global scale, the distribution of evergreen, deciduous, and
bistable forests is mainly determined by climatic variables. In contrast,
within bistable forest clusters, soil chemical variables best explained
variation in leaf phenology composition. This suggests that soil-related
positive feedbacks shape the bimodal patterns, supporting our
hypothesis that trees facilitate establishment of their own phenology
type by regulating soil properties like pH and nutrient content. Trees
can modify the soil pH via their litterfall, and a soil pH around 4.5 has
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Fig. 3 | Three pairs of feedback simulations versus null simulations. Histograms
in A-D represent the relative evergreen abundance within 1000 simulated forest
plots after 2000 years. The color scale represents the percentage of evergreen
forest within a plot (red, 100% deciduous; blue, 100% evergreen). A, Outcome of
null demographic simulations with uniform initialization, from growth, recruit-
ment, and mortality models fit without con-phenological feedback predictors. The
inset in (A) shows the initial uniform distribution of relative evergreen abundance
across the 1000 plots. The uniform distribution shifts to evergreen-dominated
forests after 2000 years. B, Outcome of demographic simulations with uniform
initialization from demographic models fit with con-phenological predictors. Most
plots are dominated by either of the two leaf phenology strategies (bimodal dis-
tribution). C Outcome of null demographic simulations with bimodal initialization,

from growth, recruitment, and mortality models fit without con-phenological
feedback predictors. The inset in panel C shows the initial bimodal distribution of
forest composition. As in panel A, the bimodal distribution shifts to evergreen-
dominated forests after 2000 years. D Outcome of demographic simulations with
bimodal initialization from demographic models fit with con-phenological pre-
dictors. Most plots are dominated by either of the two leaf phenology strategies.
E, F Hysteresis simulations along mean annual temperature gradients, where 80% of
forest plots (800 of 1000) were initially dominated by evergreen trees (EV, blue
line) or deciduous trees (DE, red line). Demographic simulations were run either
without feedback predictors (E) or with feedback predictors (F). Shaded regions
represent the 95% ClI of the mean relative abundance of evergreen trees across each
set of simulations (n =1000). Source data are provided as a Source Data file.
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Fig. 4 | Hemisphere-wide patterns of forest types. A Empirical map of bimodality
in forest types generated from GFBi data. Colors reflect the value of the bimodality
index (BI), with red representing Bls < -0.22 (deciduous-dominated forest clusters),
blue representing Bls > 0.22 (evergreen-dominated forest clusters), yellow repre-
senting Bls from -0.22 - O (bistable-deciduous forest clusters) and cyan repre-
senting Bls from 0-0.22 (bistable-evergreen forest clusters). B Projected map of
bimodality in forest types across the Northern Hemisphere based on random forest
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modelling. Colors reflect the projected value of the bimodality index (BI), and share
the same scale as in A. Predictions in B were made for forest regions (1) above 15
degrees northern latitude, where > 98% of the GFBi data are located, (2) whose
environmental conditions well represented by our training data (> 90% interpola-
tion, see Fig. S9A). C Relative frequencies of plot-level relative evergreen abun-
dance in deciduous-dominated, bistable-deciduous, bistable-evergreen and
evergreen-dominated regions. Source data are provided as a Source Data file.

been suggested as a critical threshold for transitions in soil properties
and ecosystem states”*2. Our analysis supports this idea, showing that
forest phenological composition changes abruptly at soil pH values of
4.5-5.0 (Fig. S14).

While our findings provide valuable insights into alternative forest
states, it is important to address several potential limitations:

1. Human influence: The possibility that human management®, such
as monoculture plantations, might induce bimodal patterns can-
not be entirely dismissed. However, even after excluding plots
with signs of recent human disturbances like harvesting or

monoculture presence, the distribution of leaf types remained
bimodally distributed (Figs. 1 & S3). Additionally, the positive
demographic feedback observed in multi-year forest inventory
data suggests that human interference alone does not account for
these patterns (Figs. 2 & S6).

2. Categorization of leaf phenotypes: The oversimplification in
classifying species strictly as evergreen or deciduous ignores the
variety in leaf-shedding behaviors among species. For instance,
trees that shed leaves for two months were classified similarly to
those shedding for 10 months. However, our analysis confirmed
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Fig. 5 | Determinant analysis showing the variable importance based on ran-
dom forest models. Seven key covariates of forest leaf phenology composition
were used to train the random forest models, whereby we ran each model 100 times
on 100 bootstrapping training sets and then computed the mean and standard
deviation of the variable permutation importance. A, Variable permutation
importance (mean + std, n =100, individual data points are overlayed on the bar
charts) for global random forest analysis using the bimodality index as response
variable. Variables along y-axis in A are ordered by their mean importance. The
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continuous color scale represents the variable importance from high (yellow) to
low (dark blue). B, Variable permutation importance (mean + std, n=100) for
random forest analysis of plots within deciduous-dominated forests (left panel),
bimodal forests (middle panel, including both bistable-deciduous and bistable
evergreen forests) and evergreen-dominated forests (right panel). Analyses in panel
B all use plot-level relative evergreen abundance as response variable. Source data
are provided as a Source Data file.

that treating deciduousness as either a continuous or categorical
trait does not alter its bimodal distribution among species
(Fig. S33 & Fig. 1).

3. Geographic limitations: Our study is constrained by the risks of
extrapolating findings to tropical regions and the Southern
Hemisphere due to data scarcity. Therefore, we have confined our
predictions and conclusions to forest regions primarily in the
Northern Hemisphere above 15 degrees latitude, where over
98% of our dataset originates, primarily from North America and
Europe. This limitation helps minimize risks but does not com-
pletely eliminate the possibility of geographic extrapolation
errors in regions like Siberia and Asia, where tree species may have
different evolutionary histories.

4. Data Interpolation: The soil layers included in our random forest
models were interpolated from point observations and may thus
correlate with climate variables. Although our model predictions
are not affected by multicollinearity*, this could influence the
variable importance of climate and soil features. However, re-
examining this using the World Soil Information Service (WOSIS)
dataset**, which includes local soil observations, confirmed that
soil chemical variables more accurately explain variations in leaf
phenology within bistable forest clusters than climate variables
(Figs. S22-24).

5. Simulation limitations: Our 2000-year simulations were based on
5-year demographic trends from the FIA data, which may not
capture long-term outcomes. However, the simulations, whether
including or excluding feedbacks, start to diverge after only a few
years (Figs. S17-19), providing evidence that short-term trends
reflect longer-term patterns. Furthermore, our feedback model
simulations did not include specific feedback mechanisms
like plant-soil interactions but instead used plot-level relative

evergreen abundance as a predictor for frequency-dependent
feedback. This approach supports the notion that positive
feedback can sustain bimodality, though more empirical research
is needed to pinpoint specific feedback mechanisms.

In conclusion, our study reveals complementary lines of evidence
to support the existence of alternative stable states and highlights
regions in which bimodality in forest types is likely to occur. Given the
close connection between forest types and ecosystem biogeochemical
processes, our findings can improve our understanding of the occur-
rence of evergreen and deciduous forests, terrestrial carbon seques-
tration, and ecosystem feedbacks to the climate system.

Methods

Data preprocessing

Forest inventory data. Data for the North American continental ana-
lysis came from the US Forest Service’s Forest Inventory and Analysis
database v.9 (FIA)*%. To eliminate the effects of management, we
excluded plantations and actively managed or harvested forest plots
from the analysis. To reduce the effects of small plots (plots with few
trees are more likely to have only one leaf phenology type), we only
included plots with at least ten individual trees. We also excluded plots
where >50% of trees had died between census intervals® to exclude
effects of major pest outbreaks or other disturbances. We assigned all
observed trees as evergreen or deciduous based on species-level or
genus-level leaf phenology data from the TRY database®*. We only kept
plots for which information on leaf phenology strategy was available
for > 90% of trees (weighted by basal area). Our final FIA dataset
included 45,276 unique forest sites, each with -5-yr census intervals
(the average time period for these observations is 2010 ~ 2015), along
with information on environmental covariates.
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For the analysis of European forests, we used inventory data
from Germany, Spain, Sweden, Finland, and Belgium from the
FunDivEUROPE® database and data from Switzerland from the Swiss
Federal Institute for Forest, Snow and Landscape Research (WSL). As
for the FIA analysis, leaf phenology type (evergreen versus deciduous)
was assigned to each tree, and only plots for which leaf phenology
information was available for >90% of the total basal area were kept.
Due to the lack of management information for many plots, we
accounted for the potential impact of human management on the
establishment of monocultures by excluding plots 1) with fewer than
ten tree individuals, 2) with only one species, 3) in which the relative
basal area of a species was larger than 90% of the total cumulative basal
area of all individuals in that plot. Our final European dataset included
15,431 unique forest sites, each with ~10-yr census intervals, along with
information on environmental covariates.

Data for the global analysis came from the Global Forest Biodi-
versity Initiative (GFBi)*. Similarly, leaf phenology information was
assigned to each tree, and only plots for which leaf phenology infor-
mation was available for >90% of the total basal area were kept. The
same filter as in the FunDivEUROPE data were applied to control for the
effects of management and plot size. Most GFBi plots were only
measured once, and for plots with timeseries data, the latest obser-
vation year was included in the analysis. The final GFBi dataset inclu-
ded 815,578 unique forest plots. The area of all plots is standardized to
one hectare.

For all datasets, we computed two types of plot-level relative
evergreen abundance (relEV) using stem density and basal area:

relEV. = basalAreag,e,green O
et basalAreag,ergreen + bASAlAreapeciqyous
stemDensity e,
_ -green
relE Vdensity - (2)

stemDensitygergreen + SLEMDENSItY peciquous

The individual-based relative evergreen abundance (relEV gepsiry)
was used in the analysis presented in Fig. 1 and Fig. S3, which compares
stem densities between the null model and the observations. All other
analyses use area-based relative evergreen abundance (relEV,.,). The
two abundance types are highly similar (R*=0.93, Fig. S7), and thus
result in the same patterns.

Environmental covariates. We extracted spatial data on 62 commonly
used environmental covariates, reflecting variations in climate, soil,
topography, and human characteristics (see Table. S2). These covari-
ates were used to train spatial random forest models for mapping. Of
these variables, 53 were used to control for environmental filtering
when testing for alternative stable states in leaf phenology strategies,
excluding nine soil-related factors such as nitrogen density, C:N ratio,
clay content, and soil pH, which are likely to drive positive feedbacks
and generate alternative stable states. All covariate layers were stan-
dardized to EPSG:4326 (WGS84) projection at 30 arc-sec resolution
(<1km? at the equator). To reduce feature dimensionality, we con-
ducted a principal component analysis on the 53 environmental cov-
ariates and selected the first ten principal components which captured
80% of the variation in the original 53 covariates. A summary of the
leading ten principal components can be found in Fig. S10. These ten
principal components were then used as predictors in all statistical
models of tree growth, recruitment and survival for both the FIA and
GFBi datasets.

Bimodality testing

If alternative stable states exist, the distribution of relative evergreen
abundance should be bimodal. However, bimodal patterns can also
result from environmental effects on the abundances of individual tree

types or simply be due to overdispersion in the distribution of trees. If
the bimodal patterns are purely driven by environmental conditions
without overdispersion or biotic interactions such as con-phenological
feedback, then a Poisson distribution should well depict the distribu-
tion of tree density, assuming that trees are independent from
each other.

To control for the effect of environmental filtering, we fit gen-
eralized additive models for location, scale and shape (GAMLSS) to the
plot-level absolute abundance of evergreen and deciduous trees,
respectively, using a zero-adjusted Poisson distribution (Fig. 1) via the
‘gamlss’ and ‘gamlss.dist’ packages*® within R v.4.1.2. All parameters of
the distribution were modelled via smoothing functions of the ten
environmental principal components.

From our fitted models, we randomly extracted evergreen and
deciduous abundances in each plot based on the plot-specific envir-
onmental conditions, using the functions “rZAP” for a zero-adjusted
Poisson distribution. With those randomly drawn abundances we cal-
culated the relative evergreen abundance in each plot, using only plots
with at least ten trees, and generated a relative evergreen abundance
distribution across plots as done for the observed data. By repeating
this 1000 times, we obtained 1000 simulations of the expected relative
evergreen abundance distribution, that now include environmental
information (Poisson) at the plot spatial scale. By binning the relative
abundance distribution, we could calculate the 2.5% and 97.5% quan-
tiles for the frequency of each bin according to our 1000 simulations.
We chose a bin width of 0.05 and compared the observed frequency in
each bin to the predicted frequency. If the observed frequencies in the
outer bins (0-0.05 and 0.95-1) are higher than the predicted fre-
quencies (above the respective 97.5% quantile from model simula-
tions), this indicates that other factors apart from environmental
parameters shape the observed bimodality.

If the abundances of evergreen and deciduous trees show positive
feedback, evergreen and deciduous plot-level abundances should be
more anticorrelated than predicted by environment only. We used
Spearman’s Rank correlation coefficient' and compared the correla-
tion in our observed data to the distribution of correlation coefficients
obtained from the 1000 random draws from the models. If the
observed correlation is more negative than the correlations obtained
from those random draws (Fig. S3), this suggests that environmental
conditions alone are not sufficient to explain the relationship between
evergreen and deciduous forests.

Testing whether demographic positive feedback can reinforce
evergreen or deciduous-dominated states

Demographic processes of growth, recruitment, and mortality of
evergreen and deciduous trees fundamentally determine changes in
forest leaf phenology composition. We used GAMs to model each of
these processes as a function of environmental factors, individual tree
and stand characteristics (tree size, stand stem density and stand basal
area) and the relative evergreen abundance in the forest (our feedback
predictor), to quantify the influence of con-phenological frequency
dependence. To explore the sign and magnitude of con-phenological
neighborhood effects, we kept all predictors except relative evergreen
abundance constant and used the model to make predictions along
gradients of relative evergreen abundance.

We used the FIA data for demographic modelling, because it has
repeated measurements for each plot. Methods used to develop the
following demographic models and simulations were adapted from
Averill et al.®,

Modelling tree recruitment. We fit separate GAMs to model recruit-
ment of evergreen and deciduous trees at the plot level across the
most recent 5-yr time interval for each forest site using a Poisson dis-
tribution. We defined recruits of each leaf phenology type as all cor-
responding individuals in the current census, which were not present
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in the previous census. We modelled recruitment of evergreen or
deciduous trees as a function of plot basal area, stem density, basal
area of con-phenological trees, the ten environmental principal com-
ponents, and the relEV within a plot (i.e., the con-phenological feed-
back predictor). We included the basal area of con-phenological trees
within the plot as a term in addition to the con-phenological predictor
to account for the fact that recruitment generally increases with the
abundance of a focal species or the same phenological strategies
within a given site. We included spatial clusters (extracted from a
global ‘fishing net” at 20 km resolution) as a random effect to control
for potential spatial autocorrelation. For all continuous predictors, we
fit splines with a penalized thin-plate spline regression method with a
basis dimension of 5 to avoid overfitting. To elucidate differences in
evergreen and deciduous recruitment in respective forest types, we
used the fitted recruitment GAMs to predict evergreen/deciduous
recruitment in an evergreen-dominated forest (relEV = 0.9) and a
deciduous-dominated forest (relEV = 0.1) (Fig. 2C). All environmental
covariates and stand properties were held at mean values, with only
the relEV varying.

Modelling tree growth. We fit separate GAMs to model evergreen and
deciduous tree growth at the individual tree level across the most
recent 5-yr time intervals for each forest site. Within each model, we
modelled current tree diameter as a function of an individual tree’s
previous diameter, total plot basal area, plot stem density, the ten
environmental principal components, and the relative evergreen
abundance within a plot (i.e., the con-phenological feedback pre-
dictor). We included spatial clusters (extracted from a global ‘fishing
net’ at 20 km resolution) as a random effect to control for potential
spatial autocorrelation. Again, for all continuous predictors, we fit
splines with a penalized thin-plate spline regression method with a
basis dimension of 5 to avoid overfitting. We then used the fitted
growth GAM s to predict evergreen/deciduous growth in an evergreen-
dominated forest (relEV =1) and a deciduous-dominated forest (relEV =
0) (Fig. 2B), holding all environmental covariates and stand properties
at their mean values.

Modelling tree mortality/survival. We fit separate GAMs to model
evergreen and deciduous tree mortality at the individual tree level
across the most recent 5-yr time interval for each forest site. Within
each model, we modelled tree mortality probability as a function of an
individual tree’s previous diameter, total plot basal area, plot stem
density, the ten environmental principal components and the relative
evergreen abundance within a plot (i.e., the con-phenological feedback
predictor). We included spatial clusters (extracted from a global
‘fishing net’ at 20 km resolution) as a random effect to control for
potential spatial autocorrelation and used penalized thin-plate spline
with a basis dimension of 5 for all continuous predictors. Results are
visualized as survival probability (1 - mortality probability). We then
used the fitted mortality GAMs to predict evergreen/deciduous survi-
val in an evergreen-dominated forest (relEV = 1) and a deciduous-
dominated forest (relEV = 0) (Fig. 2A), holding all environmental cov-
ariates and stand properties at their mean values.

Demographic simulation 1: testing whether demographic positive
feedbacks can generate alternative stable states. The positive con-
phenological neighborhood effects might not be sufficient to generate
and maintain alternative stable states under demographic stochasti-
city, environmental variance, and disturbances. To test whether the
observed demographic positive feedbacks are strong enough to gen-
erate and maintain the magnitude of bimodal patterns, we ran a series
of demographic simulations based on empirically fit GAMs for growth,
recruitment and mortality mentioned above. We initialized 1000 for-
est plots with varying relEV uniformly drawn from and allowed them to
grow for 2000 years. We initialized each plot with 20 trees, each of

which with a diameter at breast height of 12.7 cm (the smallest tree
measured in the FIA surveys). We ran two sets of simulations, both of
which used the same GAMs of growth, mortality, and recruitment
described above, with the ‘null’ model excluding the con-phenological
feedback as predictor (i.e., relEV), and the ‘feedback’ model including
this potential feedback. The null model is required to test whether
factors other than positive feedbacks, such as demographic lags, dis-
turbance, or environmental heterogeneity, can generate bimodal
patterns in leaf phenology strategies, whereas the feedback model
allows testing whether con-phenological feedbacks are sufficient to
generate and maintain alternative stable states.

Simulated plot area was identical to the respective FIA survey plot
area. We included stand-replacing disturbances (e.g,, fire, hurricanes,
etc.) at a probability of 0.0036 per year. This probably was based on
the overall North American stand-replacing disturbance probability
(0.009 per year) minus the stand replacement that is due to man-
agement (0.0054 per year)*®. When disturbance occurred in a stand,
the model reset to assume the initial 20 trees per plot. The model
randomly assigned leaf phenology status to regenerating trees based
on the stands’ initial relEV before disturbance. We incorporated
environmental heterogeneity by randomly drawing plot-level envir-
onmental conditions from observed values across forest plots used to
fit the GAM models.

Our exploration within the feedback model did not target any
specific feedback mechanisms, such as plant-soil or plant-
microclimate feedback. Rather, we accounted for potential positive
frequency-dependent feedbacks by including the effects of plot-level
relEV on tree demography and forest succession. Essentially, the
positive frequency-dependent feedbacks indicate that a higher pro-
portion of evergreen trees will foster more evergreen-dominated for-
ests, and the same holds for deciduous trees.

In the realm of dynamic models, a standard method for simulating
feedback requires the integration of the variable of interest into their
dynamic equations, symbolized as % ~f(x).In parallel, models able to
induce bifurcation points also need to be nonlinear (introducing this
feedback in a nonlinear manner). This way, these equations confront
the two lines of complexity required for understanding feedbacks as
generators of bifurcations (nonlinear relationships involving the vari-
able of interest both as cause and consequence)®’.

We simulated this feedback through a set of equations relating
growth, recruitment, and mortality to evergreen abundance. As men-
tioned above, we utilized generalized additive models to fit tree growth,
recruitment, and survival as functions of the environment, stand
properties, and relEV. Consequently, the functions can be represented
as: growth/recruitment /survival ~f(relEV, ...). In each time step of
the feedback simulation, evergreen abundance in a plot may change
due to recruitment, growth and mortality of trees within that plot,
hence: 2¢EY) . £, (growth,recruitment survival) ~ f(relEV).

This approach accomplishes adding a feedback, as it maintains
the form % ~f(relEV). Moreover, all equations are grounded in
generalized additive models, which are nonlinear.

Demographic simulation 2: testing whether demographic positive
feedbacks can maintain alternative stable states. To test whether
feedbacks can maintain alternative stable states, we ran the second
group of simulations with the same setting as for the demographic
simulation 1, but with a bimodal initialization. Specifically, we initi-
alized the 1000 forest plots as 500 purely evergreen forests and 500
purely deciduous plots to mimic the extreme bimodal scenario.

Demographic simulation 3: testing for hysteresis during phenolo-
gical transition across soil pH gradients. The existence of hysteresis
during ecosystem transition along environmental gradients is one of
the key signals for the presence of alternative stable states. To test for
hysteresis, we first fit GAM demographic models (recruitment, growth
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and mortality) for both evergreen and deciduous trees using the
method described above, but added mean annual temperature (MAT)
as an extra predictor, as it is a major driver of the transition between
evergreen and deciduous forests” . Based on these GAMs, we ran two
sets of demographic simulations (as in the demographic simulation 1)
across a gradient of MAT from -2 °C to 23 °C, which is the empirical
range of MAT in forest plots included in the US FIA dataset. In the first
set of simulations, we assumed that 80% of forest plots (800 of 1000)
are initially covered 100% with evergreen trees, while the remaining
20% (200 plots) were simulated to consist solely of deciduous trees. In
the second set of simulations, 800 forest plots were initialized as
purely deciduous plots and the remainder as purely evergreen plots.
We ran each set of simulations under both ‘null’ model (excluding
feedback predictors) and ‘feedback’ scenarios, and for 2000 years to
minimize the influence of demographic lags on model outcomes.

Random forest modelling to map bimodality in leaf phenology
strategies

To quantify the extent of bimodality in the distribution of leaf phenol-
ogy strategies, as well as the spatial variation therein, we developed two
independent random forest models with different plot-partitioning
methods for global projection (see graphic demonstration in Fig. S8). In
the first partitioning method (“spatial clustering” approach), we parti-
tioned the global forest zones using a ‘fishing net” with 10 arc-min
(~20 km) grid size. We removed clusters with fewer than 10 forest plots,
resulting in 14,931 clusters. For each cluster, we aggregated forest
composition information of all 1-hectare GFBi forest plots to calculate a
bimodality index (BI), which allowed us to quantify bimodality in the
leaf phenology distribution across plots. In the second partitioning
method (“environmental clustering” approach), we implemented
K-means clustering® to group forest plots into 15,000 clusters (close to
the sample size of spatial clustering) based on the leading 3 environ-
mental principal components of each plot. We removed clusters with
fewer than 10 forest plots, resulting in 14,858 clusters. Similarly, for each
cluster, we aggregated plot-level relative evergreen abundance to cal-
culate the BI.

The spatial clustering approach represents patterns resulting
from spatial processes, but cannot account for residual environmental
variation within clusters. By contrast, the environmental clustering
approach ensures that each cluster consists of environmentally
homogenous plots, while plots within clusters are not necessarily in
spatial proximity. Correlation between the predictions from the spatial
random forests and the predictions from the environmental random
forest models revealed high agreement between the two approaches,
with an R? of 0.72. The use of both methods allows us to test for the
sensitivity of the inferred patterns to these methodological con-
siderations, ultimately increasing our confidence in the global
predictions.

To calculate the BI, we first calculated Hartigan’s dip test™ statistic
D for the distribution of relative evergreen abundance in a grid using
the ‘diptest’ R package, which represents the maximum distance of an
empirical distribution to the best fitting unimodal distribution. We
then computed the adapted dip statistic® as:

D = .JnD 3)

where n represents the sample size and D the dip test statistic. This
metric is negatively correlated with the P values of the dip-test,
because the larger the statistical distance of a distribution from
unimodality, the less likely the distribution is to be unimodal. When n
tends to large values, D' > 0.546 indicates significant multimodality
(p <0.05). For our data, in which grid cells ary in n, we chose D' > 0.5 as
the threshold because all grids with D' > 0.5 have p<0.05. D’ can only
differentiate bimodal from unimodal distributions, but cannot indicate
which side a unimodal distribution is skewed toward, which is

important in our case as we were interested in whether evergreen or
deciduous trees dominate in case of a unimodal distribution. There-
fore, we also calculated the skewness S for the distribution of relative
evergreen abundance. In a unimodal distribution, S<0 represents
evergreen dominance, whereas S>0 represents deciduous dom-
inance. The bimodality index Bl was then defined as:

BI= — e xsign(s) @

where a and b are parameters to control the range of BI. We set a to 6
and b to 2, so that the Bl across all grids ranged from -1 to 1, whereby
Bls <-0.22 represent deciduous-dominated grids, Bls from -0.22 to O
represent bistable deciduous grids, Bls from O to 0.22 represent
bistable evergreen grids, and Bls > 0.22 represent evergreen-
dominated grids. The +0.22 cutoff was directly computed from the
cutoff of D’ (0.5) using Eq. (4). Different combinations of a and b will
give different ranges of Bl as well as different threshold values, but will
not change the final patterns. To predict spatial variation in Bl, we then
trained random forest models using 62 environmental predictors,
covering climate, soil, topography, vegetation and human activity
characteristics (Table. S2). Finally, we predicted the BI (using EPSG
8857 equal-earth projection) across global forest regions in which
environmental conditions were well represented by our training data
(>90% interpolation).

The relative importance of climate versus soil feedbacks

The observed positive feedbacks that generate and maintain alter-
native stable states likely affect leaf phenology strategies at the local
scale where trees facilitate the establishment of their own phenology
type by engineering soil conditions. By contrast, the large-scale dis-
tribution of leaf phenology is largely constrained by climate and the
physiological limits of evergreen and deciduous trees’. We, therefore,
hypothesized that (1) at large spatial scales (e.g., global), climatic fac-
tors are the main drivers of the presence or absence of alternative
stable states in ecosystems, (2) at local scales, i.e., within grid cells with
bimodal leaf phenology distributions, soil properties that might drive
the positive feedbacks co-explain variation in the relative abundance
of evergreen forests, and (3) in evergreen- or deciduous-dominated
grids without bimodal leaf phenology distributions, climatic factors
again are more important than edaphic factors.

To test these hypotheses, we trained two sets of random forest
models using the spatially partitioned GFBi data. The first random
forest model predicted forest bimodality as a function of seven key
determinants, namely mean annual temperature, annual precipitation,
mean temperature of the coldest quarter, precipitation of the driest
quarter, soil pH O to 100 cm, soil nitrogen density and soil C:N, at the
global scale. The second set of models predicted relative evergreen
abundance within plots as a function of the seven determinants for
either all plots within bimodal (Bl = -0.22-0.22), evergreen-dominated
(BI > 0.22) or deciduous-dominated (Bl <—0.22) forest grids (from the
“spatial clustering” approach). For each model, we then calculated the
permutation importance of each variable. We trained these models
using 100 bootstrap samples, with a sampling proportion of 33%
relative to the training data, and then checked the permutation
importance (mean +SD) of each variable used in the random forest
models (Fig. 5).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The GFBi data is available upon request via Science-i (https://science-i.
org/) or the GFBI website (https://www.gfbinitiative.org/). The FIA
data are publicly available from the FIA datamart (https://apps.fs.usda.
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gov/fia/datamart/). The FunDivEUROPE data is available upon request
via http://project.fundiveurope.eu. All environmental covariates are
publicly available and detailed in Table S2. Source data to reproduce
the figures are provided as a Source Data file” (https://zenodo.org/
records/11048857).

Code availability

The code used for this study is available at https://github.com/
Yibiaozou/AltSS_ForestLeafPhenology and Zenodo®* (https://doi.org/
10.5281/zenodo.11035706).
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