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Anticipating the next generation of forests requires understanding of recruitment

responses to habitat change. Tree distribution and abundance depend not only on

climate, but also on habitat variables, such as soils and drainage, and on competition

beneath a shaded canopy. Recent analyses show that North American tree species

are migrating in response to climate change, which is exposing each population to

novel climate-habitat interactions (CHI). Because CHI have not been estimated for either

adult trees or regeneration (recruits per year per adult basal area), we cannot evaluate

migration potential into the future. Using the Masting Inference and Forecasting (MASTIF)

network of tree fecundity and new continent-wide observations of tree recruitment,

we quantify impacts for redistribution across life stages from adults to fecundity to

recruitment. We jointly modeled response of adult abundance and recruitment rate to

climate/habitat conditions, combined with fecundity sensitivity, to evaluate if shifting CHI

explain community reorganization. To compare climate effects with tree fecundity, which

is estimated from trees and thus is "conditional" on tree presence, we demonstrate how

to quantify this conditional status for regeneration. We found that fecundity was regulated

by temperature to a greater degree than other stages, yet exhibited limited responses

to moisture deficit. Recruitment rate expressed strong sensitivities to CHI, more like

adults than fecundity, but still with substantial differences. Communities reorganized from

adults to fecundity, but there was a re-coalescence of groups as seedling recruitment

partially reverted to community structure similar to that of adults. Results provide

the first estimates of continent-wide community sensitivity and their implications for

reorganization across three life-history stages under climate change.

Keywords: climate change, regeneration niche, tree migration, life-history stages, seed production

INTRODUCTION

Extensive climate changes in North America since forest stands established over the last few
centuries may have changed where tree species can recruit in the aftermath of recent diebacks
(Ibáñez et al., 2007; Woodall et al., 2009; Bell et al., 2014; Serra-Diaz et al., 2016; Davis et al., 2019).
The notion of a species’ niche (Hutchinson, 1957; Austin, 2002), typically quantified with models
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for adult distribution and abundance explained by climate and
habitat variables, may represent past conditions, when current
stands were established. The regeneration niche recognizes that
conditions affecting fecundity and seedling establishment can
differ from adults (Grubb, 1977; Clark et al., 1998; Ibanez et al.,
2006; Engler et al., 2009; Swab et al., 2012). Accumulating
climate changes can progressively distance the habitats where
regeneration can occur from current distributions of mature trees
(Sharma et al., 2021). If climate effects depend on soils, drainage,
and biotic variables, then climate-habitat interactions (CHI) will
complicate responses (Ibanez et al., 2009; Clark et al., 2016; Serra-
Diaz et al., 2016). The emerging misalignment of adults and their
recruits will be especially severe if recruitment stages are most
sensitive to climate (Sharma et al., 2021). Related concepts like
a species’ climate envelop (Pearson and Dawson, 2003; Thomas
et al., 2004) or suitable habitat (Freckleton and Watkinson, 2002;
Iverson et al., 2008), quantified with adult trees and current
conditions, may not align with the conditions for seed production
and seedling recruitment (Ibanez et al., 2006; Clark et al., 2011).
In this paper we show that the differences in niche requirements
quantified from adult distributions can diverge from those for
fecundity and seedling recruitment, with important implications
for responses to contemporary climate change.

Contemporary forest composition is determined by seed
availability and recruitment success in the past. Both fecundity
and seedling success could be sensitive to climate-habitat
interactions (CHI) in ways that are not apparent from studies
on adult physiology. In North America, fecundity is highest
in warm, moist climates of the south-central continent (Clark
et al., 2021). Seedling recruitment is accelerated by temperature
in early-successional environments (Fridley and Wright, 2018),
and seedlings could be more sensitive to climate change than
are adult survival and seed production (García-Camacho et al.,
2010; Walck et al., 2011). Recruitment responses to temperature
depend on water availability, which might limit upslope forest
range expansion (Lenoir et al., 2010; Crimmins et al., 2011;
Kueppers et al., 2017). Local moisture gradients controlled by
drainage and soil type interact with moisture deficits (Ibáñez
et al., 2007; Clark et al., 2014; Serra-Diaz et al., 2016), amplifying
the effects of aridification (Seyednasrollah and Clark, 2020).
With warming over much of North America and changes in
precipitation, the recruitment that follows twenty-first-century
diebacks may differ from that of the past.

Under slow climate change (Dawson et al., 2019), species
composition is expected to integrate the fitness contributions
of fecundity, seedling success, and adult survival, each of
which might respond to CHI in its own way. Species with
similar responses to climate and habitat that occur together
in communities now, may respond differently to future
environmental change. The similarities between species might
typically be inferred from their tendencies to co-occur in the
habitats where mature individuals are most abundant. However,
the many ways in which species may differ in the responses at
each life stage could result in novel communities as suggested
by no-analog communities in the past (Williams and Jackson,
2007). If contemporary climate changes have effects that differ
by recruitment stage, then biodiversity projections require an

understanding of CHI not only on adult distributions, but also
for fecundity and seedling recruitment. This study examines
how climate and habitat variables differ in their effects on seed
production and seedling establishment and survival.

Comparing the habitat relationships for adults, seed
production, and recruits requires comparable methods. Models
for the biogeographic distribution of seeds (Clark et al., 2021;
Sharma et al., 2021) are necessarily conditional on the abundance
of trees that produce those seeds; we cannot know how much
seed would be produced by a species where it does not grow. An
unconditional estimate would require wide availability of trees
planted throughout climate/habitat space. We define fecundity to
be the expected annual seed mass produced by a tree of a given
species, size, crowding, and habitat.

Because recruitment can only be observed near adults,
it too must be quantified conditional on adult presence.
Recruitment ρi refers to seedlings expected to cross a size
threshold per ha per year at location i. Estimates of habitat
controls on recruitment unconditional on adults would require
seed availability throughout climate/habitat space; in fact, the
climate/habitat space for recruitment is constrained within
that already occupied by adults. Like fecundity, recruitment
depends on the abundance of adults and thus must be modeled
conditionally. Unlike fecundity, recruitment rates obtained
from ingrowth to forest inventory plots are not explicitly
referenced to adults (they are numbers per area per year)
(Sharma et al., 2021), but they implicitly depend on adult
presence.

For comparison with fecundity, the conditional model
for recruitment dependent both on adult abundance a and
climate/habitat is given by [ρ|a, x], where the bracket notation
indicates a distribution of recruitment rates ρ conditional on
adults a and climate/habitat x. To facilitate conditional analysis,
these effects might be separable in a model, [ρ|g(a) + h(x)],
where g(·) and h(·) are functions. Unfortunately, adults cannot be
used as predictors of recruitment, because both are random–they
both depend on environment, and they are both encountered
as random variables when inventory plots are sampled. Clearly,
the comparison of fecundity and recruitment requires joint
analysis of recruits and adults [ρ, a|x] = [y|x], where y

is a vector holding recruitment and adult abundances of all
species, followed by conditioning on adults and environment,
[ρ|a, x].

Using conditional models that allow us to compare the
communities represented by joint fecundity and recruitment
responses we expose a reorganization across life stages that will
contribute to the next generation of forests. Changing niche space
is summarized by the ways in which species reorganize in their
responses from adults to fecundity to recruitment and by the CHI
that are responsible for those changes.

MATERIALS AND METHODS

Our goal is to jointly model recruits and adults of all species,
thereby accommodating their mutual dependence structure, but
then to isolate the effects of adults from direct CHI effects
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through conditioning. This conditional recruitment can then be
compared with fecundity, which is necessarily conditional on
the trees producing seeds. The fitted model provides a basis for
defining communities in terms of the responses of each stage to
CHI. The reorganization of these communities across life history
stages is the basis for interpreting potential forest changes that
account for recruitment responses.

Theoretical Development
Consider trees that occupy inventory plots sampled at intervals
during which adults change in abundance due to survival of
previously measured trees and ingrowth of new individuals that
cross the minimum size threshold. Population growth rate can
be expressed in terms of recruitment (per ha per yr) per adult
abundance,

ρs =
1

as

drs

dt
(1)

where rs is number of seedlings per ha of species s, t represents
time (in years), and as indicates adult basal area (location i is
suppressed to reduce clutter). Because it integrates information
on size and numbers, adult abundance is typically expressed as
basal area (m2 ha−1). Recruitment is expressed as seedlings per
ha per year, obtained from the ingrowth number, plot area, and
sample interval of FIA (Sharma et al., 2021). It is divided by
adult basal area following Equation 1 to generate seedlings per
adult basal area per year (m−2 year−1). Due to the small size of
inventory plots, both tree basal area and recruitment are noisy
variables. Recruits depend not only on adult abundances of the
same species, but also on adults and recruits of other species (Zhu
et al., 2015).

Generalized Joint Attribution Modeling (GJAM) allows us to
jointly quantify CHI effects on both adults and recruitment due
to its allowance for different data types and the dominance of zero
values–most species are absent from most observations (Clark
et al., 2017). From the fitted joint model we obtain a conditional
distribution that isolates effects of CHI from adults, which can
then be compared between species and with responses of tree
abundance and fecundity.

Inputs to the model are predictors and responses {xi, yi}
n
i=1

for i = 1, . . . , n inventory plots. Predictors occupy the length-
Q vector xi, including climate, habitat, and their interactions.
Recruitment rates and adult basal areas of all S species occupy
a length-2S observation vector yis consisting of S adult basal
areas and S recruitment rates. Corresponding to the observation
vector yis is a latent vector wi having elements wis that are
equal to yis when wis ≥ 0 and negative otherwise (Clark et al.,
2017). The latent w is censored at zero, allowing us to combine
the continuous abundance with discrete zero values. For our
application the basic GJAMmodel simplifies to

wi ∼ MVN
(

µi,6
)

×

2S
∏

p=1

I(wi,p ≤ 0)I(yi,p=0)I(wi,p > 0)I(yi,p=wi,p)

(2)
where wi = (ρ′

i, a
′
i)
′ is a length-2S vector holding the

(uncensored, latent) abundances of species as S recruitment rates

ρi (the discrete version of Equation 1) and S adult abundances ai
(basal area, m2 ha−1), with mean vector µi = Bxi, and 2S × Q
coefficient matrix

B =

(

Bρ

Ba

)

(3)

The two components of B describe the effects of CHI on the
recruitment and adult observations. The covariance matrix takes
up additional dependence between all recruits and adults. The
2S× 2S covariance can be partitioned as

6 =

(

6ρ,ρ 6ρ,a

6a,ρ 6a,a

)

(4)

This joint distribution of recruitment and adults allows us to
isolate the contributions of adult abundances and CHI impacts
on recruitment as a conditional distribution,

ρi|ai ∼ MVN(µρ,i,P) (5)

µρ,i = Bρxi + A(ai − Baxi)

= Cxi + Aai (6)

P = 6ρ,ρ − A6a,ρ (7)

There are now two matrices of coefficients for recruitment rate,
one S× Smatrix for effects of adults, A = 6ρ,a6

−1
a,a , and another

S×Qmatrix for effects of CHI, C = Bρ −ABa. Importantly, this
capacity to condition on adult basal area offers an opportunity
to compare the effects of CHI on seedling recruitment with that
for fecundity, which, again, is necessarily conditioned on adult
abundance. Following Clark et al. (2017), a joint sensitivity across
all species to climate/habit covariates can be obtained using

fρ = diag
(

C′P−1C
)

(8)

The length-Q sensitivity vector fρ summarizes the importance of
each covariate for conditional recruitment. Additionally, species
correlation in response of recruitment to climate/habit can be
quantified using response matrix

Eρ = CVC′ (9)

where V is the covariance in predictors in the design matrix.
Similar species can have similar responses to environment
conditions (columns in C) that can be amplified by large
variation in V, and vice versa. The S × S Eρ matrix thus
quantifies species correlation in their responses to climate/habitat
conditions (Clark et al., 2017). Adult sensitivity fa and response
matrix Ea can be quantified in the same way using

fa = diag
(

B′
a6a,aBa

)

(10)

Ea = BaVB
′
a (11)
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TABLE 1 | Predictors used for fecundity estimate, and joint modeling of adults and recruits.

Predictors Adults/Recruits Fecundity Definition and source

Diameter (cm) No Yes MASTIF

Diameter squared (cm2 ) No Yes

Shade class No Yes 1–5 FIA/NEON classes from inventories

Stand age (year) Yes No FIA

Site moisture Yes No Site moisture level (xeric, mesic, and hydric) from FIA

Annual temperature (◦C) Yes Yes Average Temperature from terraClimate, CHELSA

Annual deficit (mm) Yes Yes Accumulated PET − P from terraClimate, CHELSA

Sand, clay (%) Yes Yes Proportion of soil type by weight from soilgrids.org

Cation exchange capacity (mmolc/kg) Yes Yes Soil fertility indicator by weight from soilgrids.org

Annual deficit × site moisture Yes No Interaction between annual deficit (climate) and moisture (site)

Yes or No indicates whether or not the predictor is included in the analysis. PET represents potential evapotranspiration and P is precipitation, NEON is national ecological observatory

network.

Data
Data used in this study include forest inventories (adult trees
and recruits), fecundity data, soils, climate, and local habitat
conditions (Table 1). Tree abundance were collected from
196,765 plots of the USDA Forest Inventory and Analysis (FIA)
dataset in the United States (Gray et al., 2012), including over
4.6 million trees for 112 abundant species. Since the year 2009
(Woodall et al., 2009), FIA data that consistently samples forest
trees across the demographic spectrum (seedlings to adults)
and across space and time in all US forests have been used
in numerous studies to examine the dynamics of range shifts
(Zhu et al., 2011; Bell et al., 2014; Fei et al., 2017; Sharma
et al., 2021). Basal area (m2 ha−1) of adult trees (a) and
recruitment rate (ρ) of small seedlings per adult basal area
per year (m−2 year−1) were evaluated using FIA. Adult tree
basal area was calculated directly from diameter of individual
trees. We defined numbers of recruits as live saplings with
diameter between 2.5 cm and 12.7 cm and the FIA code
RECONCILEDCD == 1 (i.e., an ingrowth tree) at forested and
remeasured plots. Remeasured plots were identified using the
Population Plot Stratum Assignment (PPSA) table (Woudenberg
et al., 2010). We calculated recruitments per year by dividing
the number of recruits by the sampling interval (REMPER
in PPSA table) and then scaled it by the expansion factor,
which depends on plot size, from the Population Stratum table
(Woudenberg et al., 2010). Finally, we divided recruits per year
by the adult basal area at each plot. We quantified recruitment
success through recruitment rates instead of seedling abundances
because seedlings are not individually tracked between censuses
and thus cannot offer an estimate of rates. The K-Means
algorithm (Hartigan andWong, 1979) was used to aggregate plots
on the basis of CHI and location into 1-ha clusters to increase
the signal-to-noise ratio (Iverson and Prasad, 1998; Zhu et al.,
2014).

Fecundity data were obtained from the Masting Inference and
Forecasting (MASTIF) network (Clark et al., 2021), including
233,052 trees and 2,221,148 3-years from 149 species. Fecundity
is compiled from two types of raw data, seed traps and crop
counts (Clark et al., 2021). Fecundity sites are listed at the website
MASTIF as detailed in Clark et al. (2019) and Clark et al. (2021).

Environmental covariates for modeling adult basal area,
fecundity, and recruitment are summarized in Table 1. We
obtained stand age and site moisture class from FIA field records,
the latter characterized using local land form, topographical
position, and soil (Woudenberg et al., 2010). Soil characteristics,
including proportion of soil type (i.e., clay and sand) and
cation exchange capacity (i.e., an indicator for soil fertility),
were derived from Hengl et al. (2017). We calculated weighted
average soil conditions based on uncertainty layers for three
soil depths (i.e., 0–5 cm, 5–15 cm, and 15–30 cm). Monthly
Climate data from Terraclimate (Abatzoglou et al., 2018) and
CHELSA (Karger et al., 2017) were used to derive annual
mean temperature and accumulated moisture deficit. Deficit was
defined as the difference between potential evapotranspiration
and precipitation at region scales, which differs from themoisture
class that quantified plot-scale moisture availability to trees.

Analysis
Fecundity modeling required individual tree attributes, including
diameter and shade class using the 5-point scale of FIA
and NEON, in addition to site variables used for adults
and recruits. The MASTIF model accommodates dependencies
between individual trees and within trees over time using the R
package MASTIF (Clark et al., 2019). Seed production for the
233,052 3-year observations in MASTIF was fitted to tree
attributes and CHI.

As discussed in the section Theoretical background, adult
abundances and recruitment, a and ρ, were fitted jointly in
GJAM, with summaries including joint sensitivity and species
correlation in response to CHI. Similar to Ea in Equation 11
and Eρ in Equation 9, the species correlation in fecundity was
quantified as

Ef = BfVfB
′
f (12)

where Bf is the coefficient matrix of fecundity responses of
each species to each predictor in x, and Vf is the covariance of
predictors. The fecundity sensitivity was quantified as

ff = diag
(

B′
f6

−1
f ,f

Bf

)

(13)
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FIGURE 1 | Joint sensitivity taken over all species for adult abundances fa, conditional recruits fρ (left y-axis with black color), and fecundity ff (right y-axis with green

color). Sensitivity is shown as a fraction of the total variance explained for each variable. Posterior medians are show with 95% credible intervals (whiskers). The

species-level sensitivity of fecundity to climate-habitat interactions (CHI) are detailed in Supplementary Figure S2.

where 6f ,f is the covariance matrix for fecundity.
To track community reorganization from adults to fecundity

to recruits we summarized changes in the response matrix E.
In this case, the community is defined in terms of species
responses to predictors in the model. Hierarchical clustering was
implemented on the 87 species that were included in both FIA
andMASTIF sites using the R function hclust in the stats package
(R Core Team, 2020). Adult abundances (Ea), conditional
recruitment (Eρ), and fecundity (Ef ) were clustered separately.
Communities were identified by names of the most abundant
species in clusters extracted from Ea. We used an alluvial diagram
(Rosvall and Bergstrom, 2010) to summarize the tendency for
community reorganization with climate change across the three
demographic stages (i.e., adults, fecundity, and recruits).

RESULTS

Taken over the entire map and all species, temperature is the
most important source of variation in adults and conditional
recruitment (black labels in Figure 1), and it is behind shade
class (not shown) for fecundity (green labels in Figure 1). The
other climate-related variable, moisture deficit, also plays a large
role for adults and recruitment, but it contributes much less to
variation in fecundity. Adult trees show higher sensitivities to soil

texture (% sand and clay) and to deficit than does conditional
recruitment (points are below the 1:1 line in Figure 1). Site
moisture status and CEC show equivalent contributions to adults
and recruitment. By contrast, temperature, stand age, and the
deficit-moisture interaction have larger impacts on conditional
recruitment than on adult abundance (Figure 1). While having
high sensitivity to shade class and tree diameter (not shown),
fecundity shows an even stronger response to temperature than
do adults or recruitment (Figure 1). After temperature and
individual tree attributes, soil-related variables have less effects
on fecundity than recruitment and adults.

The high sensitivity to temperature and then moisture deficit
in Figure 1 results from large contrasts across Ba (adults) and C

(conditional recruitment rate) coefficients for these variables in
Figure 2. Variables that contribute small sensitivity in Figure 1

are those for which there is limited contrast in responses
across species.

The similarities in Figure 2 between species define
communities based on the responses to predictors that have
important variation (Figure 3). For example, species in ACSA-
PIST of Figure 3a share affinities for low temperatures, low
CEC, and high moisture (bottom of Figure 2a). Similar affinities,
but with many species-specific differences, characterize their
recruitment rates (bottom of Figure 2b). Together these species
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FIGURE 2 | Species responses to climate/habitat for (a) adults in Ba and (b) conditional recruits in C. Stars indicate that the 95% credible interval does not contain

zero. Colors for the species names follow adult communities in Figures 3a, 4, with horizontal lines separating clusters. Coefficient colors are scaled proportionally to

the 97.5% of the estimated ranges for both adults and conditional recruits.
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FIGURE 3 | The response matrices for (a) adult (Ea), (b) fecundity (Ef ), and (c) conditional recruitment (Eρ ). Rows in Ef and Eρ are ordered by clusters estimated for

adult responses Ea, with communities separated by dashed lines. Community names are the first two letters of genus and species for the two most abundant species

(see Supplementary Figure S1 and Supplementary Table S1).

differences determine the community structure in Figure 3c.
Overall, adult responses in matrix Ea cluster as clear species
assemblages (red blocks in Figure 3a along the diagonal) with
distinct biogeographical patterns (Figure 4A). From cool-moist
to warm-dry in the West are TSHE-THPL, PSME-PICO, and
PIPO-ABCO. From cool to warm in the East are ACSA-PIST,
ARCU-PRSE, and QUNI-ILOP.

Conditional recruitment Eρ does not find all six of
the community types identified in adult basal area, instead
separating southeastern forests as distinct from everything else

(Figures 3a,c). The similarities come from the tendency for
adult abundance and recruitment rate of the same species to
respond similarly. This similarity was not a foregone conclusion
from the fact that recruitment and adults occur in basically
the same geographic spaces, because recruitment here is taken
conditional on adult abundance. The conditional responses
separate the effects of adult abundance, so there is opportunity for
recruitment sensitivities to depart from those obtained for adults.
The important differences result from lower climate sensitivity
in recruitment rate than in adult distributions. The differences
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FIGURE 4 | Map of community assemblages (A) and reorganization as an alluvial diagram (B). Community clustering is based on adult tree response matrix

(Figure 3a). Separate maps for each type can be found in Supplementary Figure S1. (B) Shifts in assemblages across the three demographic stages (adult,

fecundity, and conditional recruits) in eighty-seven species. Flows are color-coded by adult membership in communities mapped in (A).
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between Figures 3a,c would not have emerged from a standard,
unconditional model, which would have simply showed that
recruitment occurs where the adults are.

By contrast with recruitment, the fecundity response matrix
Ef bears little resemblance to both adults and recruits
(Figure 3b); fecundity response to CHI diverges from the life
stages on either side of it. This divergence takes the form
of a braided alluvial diagram in Figure 4B, where community
reorganization occurs in 57% of species from adults to fecundity
and in 64% of species from fecundity to recruits. The adult
to fecundity divergence is followed by a partial re-coalescence,
with 69% of species returning to the adult community at the
recruitment stage. Species in the largest group ARCU-PRSE and
PIPO-ABCO scatter across other groups from adults to fecundity,
while many return to their adult groups at the recruitment stage.
Despite this generally conservative tendency, nearly a third of
all species (31%) change groups from adults to recruits. Recruits
from the adult community QUNI-ILOP (Forida) merge with
ARCU-PRSE, a shift toward conditions that are generally cooler
than where adults are found. As adults, the community PSME-
PICO combines western species (Figure 4A) with others from
the Upper Midwest and Northeast (Supplementary Figure S1).
The eastern and Midwestern species (e.g., Abies balsamea,
Betula papyrifera, Fraxinus nigra, and Larix laricina) cluster
as adults with ACSA-PIST but as recruits with PSME-PICO.
Similarly, the eastern Acer saccharum and Betula alleghaniensis
belong to ACSA-PIST as adults, whereas recruitment aligns
with the predominantly western group TSHE-THPL (see also
Supplementary Figure S1).

DISCUSSION

Three main patterns emerge from responses of recruitment
stages that will influence the composition of twenty-first-century
forests. At a coarse scale, similarities in adult and recruitment
responses (Figure 2) suggest a degree of continuity from
current to future forests. Secondly, the divergence of fecundity
responses from those of both adults and recruitment, with
its higher sensitivity to temperature and soil types (Figure 1),
can be expected to bias the transition from adults to recruits
for each species in different ways. Finally, the non-trivial
differences between responses at different stages (31% of all
species reorganize to different communities from adults to
recruits) (Figure 4) reveal potential for change that cannot
be fully anticipated from results presented here. A degree of
coherence in niche shifts across the three life-history stages
does not diminish the importance of inter-specific competition
in influencing community dynamics, but it does indicate
that species will be competing with different combinations of
species.

Sensitivities quantified in this study show the basis for shifting
forest distributions identified by Sharma et al. (2021). If warming
has raised temperatures above those where tree populations
recruited decades to centuries ago, then conditional recruitment
should be occurring today in colder portions of the range
and thus show less positive temperature responses than adults.

We see this tendency for some species in the northeastern
and northwestern TSHE-THPL (Supplementary Figure S1),
indicated by brown shades for the species in Figure 2b

(recruitment) than in Figure 2a (adults). These are also the
communities tending to show a poleward shift in recruitment
from adults (Sharma et al., 2021). The fact that recruitment
rates for southwestern PSME-PICO are shifted to wetter (lower
moisture deficit) parts of the range from adults (deep green for
moist and brown for moisture deficit in Figure 2b) is consistent
with a shift in regeneration to north and west of current
populations (Sharma et al., 2021). The finding also provides
evidence that the dieback-prone interior West (Allen et al.,
2010) is already suffering from inadequate recruitment. Clearly,
the devastating diebacks in this region are just the beginning
of transformations that will critically depend on fecundity and
seedling recruitment.

Across all species, fecundity exhibits the largest sensitivity
to temperature and the lowest sensitivity to moisture deficit
(Figure 1). High temperature generally increases fecundity in
eastern forests (Supplementary Figure S2) and at least partially
explains the fecundity hotspot in the warm southeastern North
America (Clark et al., 2021). High recruitment rates are
associated with younger stands compared to adult abundance
(Figure 2), which could be caused by the increased seed
availability where there are young and fast-growing trees (Clark
et al., 2021). The fact that fecundity exhibits different responses
to environment from those of adults and recruitment rate
(Figures 1, 3) highlights the importance of including seed
production in understanding climate-driven migration (Sharma
et al., 2021). These niche differences interpreted in parameter
space (Ba,C, andBf ) provide an alternative view of climate effects
to distribution ranges (Lenoir et al., 2009; Zhu et al., 2011; Bell
et al., 2014; Fei et al., 2017; Sharma et al., 2021).

Consistent responses to CEC suggest an important role
for fertility gradients. The association of western TSHE-
THPL, PSME-PICO communities with high CEC characterizes
adult stages, but not seedling recruitments (Figure 2). Eastern
communities span a range of CEC levels, but recruits are more
strongly associated with lower CEC levels (deeper browns for
ARCU-PRSE and QUNI-ILOP in Figure 2b). Positive responses
to CEC can come with macroelements calcium, magnesium,
and potassium that are essential for plant growth (Brady
et al., 2008). On the other hand, vegetative growth promoted
on fertile sites can reduce light availability and intensify
canopy and understory light limitation on recruitment (Hubbell,
1999; Walters and Reich, 2000; Clark et al., 2012, 2014;
Käber, 2021). Similarly, clay and sand fractions determine
nutrient and moisture retention, which affects plant growth and
potentially influences fecundity through the partition between
growth and reproduction. Furthermore, the dominance of
positive interactions between moisture deficit and local moisture
class is consistent with topographic mediation of climate,
particularly for recruits. This positive interaction means that
local moisture has an increasingly positive effect the greater
the climate deficit (Seyednasrollah and Clark, 2020). The high
sensitivity of this interaction for recruitment, particularly in
PIPO-ABCO and ACSA-PIST, is consistent with high seedling
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sensitivity to water availability compared to that of adults
(Ibáñez et al., 2007; Dobrowski et al., 2015; Kueppers et al.,
2017).

The conditional treatment of recruitment allows for
potentially large differences in adult and recruitment habitats, so
the similarities and differences found here are both meaningful.
An unconditional analysis of recruitment would find high
similarity between adults and recruits simply due to the fact that
recruits will generally only be abundant where there are adults.
These locations share the same covariate values, so recruitment
differences from adults are limited to differences in their relative
abundances across a species range, but constrained by the fact
that the range itself is basically the same for both. Moreover, it
would not account for the effects of adults on recruitment. By
allowing for variation in adult abundance and then isolating
environmental effects (given the adult effects), we could expect
to find recruitment sensitivities that diverge from adults. We do
in fact find substantial differences (Figures 1, 2).

Rising temperatures, combined with an increased drought
severity in many parts of U.S. forests, point to the urgent
need to identify effective conservation strategies to maintain
stability of forest ecosystems. The shifts from adults to fecundity
are more severe than that from adults to recruits (Figure 4B),
with a re-coalescence of communities as recruitment for many
species revert to niche spaces that are similar to those of adults.
Framed in a forest management context, while the fecundity
stage may enable climate change-induced disruption of adult
to recruit linkages, it may also afford opportunities to develop
and implement conservation practices (Nagel et al., 2017) (e.g.,
silvicultural systems aligned with fecundity dynamics) that take
advantage of this disruption to favor particular demographic
trajectories across species to meet management objectives.

In summary, the relationships between three life history
stages and climate-habitat interactions provide the underlying
sensitivities needed to interpret changes in forest recruitment
that are happening now and likely to shape future forests. The

capacity to examine these stages independently and, in the case
of recruitment, conditionally, provides new insight. Collectively,
these results highlight species differences in the contribution to
community reorganization and how it diverges between adults,

seed production, and seedling recruitment. The three life history
stages can each contribute to forest change in different ways.
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