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Abstract

Global forest diebacks are the beginnings of change that will be controlled by tree migra-
tion, which combines two uncertain processes, tree fecundity and recruitment. Knowledge
of how, and where, tree migration can proceed is critical for adaptive management of for-
est resources and conservation efforts. The initial stage of seed production is erratic and
poorly observed, with most studies limited to few trees, few species and few sites. At
the next stage, tree recruitment is typically too sporadic to characterize at landscape
scales. Neither seed production nor seedling recruitment have been quantified or linked
to climate and habitat variables at scales needed to evaluate the changes happening now
or to anticipate the diversity and structure of 21 century forests. As part of the masting
inference and forecasting (MASTIF) project, we synthesized continental-scale data for
tree fecundity gathered over the last half century and combined it with forest inventories
to connect adult trees (basal area) to i) fecundity (seeds per basal area) and ii) recruit-
ment (recruits per seed). A dynamic model fitted to > 107 tree years of fecundity data
provided estimates tree-by-year fecundity. A predictive distribution for the continent
combines the fitted mode with 10° trees from Forest Inventory Analysis (FIA), Cana-
dian National Forest Inventory(CNFI) and the National Ecological Observatory Network
(NEON).

Results show continent-wide migration as a balance between regional shifts in
fecundity that can diverge from conditions that favour establishment, with clear differ-
ences in eastern and western North America. In moist eastern states, the geographic
centers for fecundity are most commonly displaced south of tree basal area for the same
species. This relationship would be expected if optimal conditions for seed production
lie to the south of optimal conditions for growth and survival, despite potential benefits
of warming poleward. In the dry west and north-central,for some species fecundity is
displaced northwest of tree basal area, as would be expected if the high-rainfall north-
west is predisposed to lead migration as the continent warms. The east-west contrast
diminishes at the transition from fecundity to recruits per seed, which tends to be shifted
north in both regions. The net continent-wide migration by contrasting east-west con-
trols highlight interactions, with fecundity primed to lead tree migration in the west, and
fecundity slowing progress in the east. The possibility of fecundity limitation offers one
explanation for migration lag in species expected to track climate warming by expanding

poleward.



Introduction

The recent increases in tree mortality rates have been well documented globally for a
variety of forest ecosystems (van Mantgem et al., 2009, Wigneron et al., 2020, Millar and
Stephenson 2015, Schwantes et al., 2016). These forest dieback events are indicative of a
change that will be controlled by tree migration. The critical signal for migration in trees
comes from a shift of juveniles poleward of basal area (Zhu et al., 2014), and therefore
involves two uncertain processes; fecundity and recruitment. To this end, we present an
analysis that links predictions of fecundity to estimates of recruitment and abundance for
65 tree species across North America. We find two emerging patterns for the relationships
between fecundity, recruitment and basal area: first, a pattern indicating a northward
migration of the species where the favourable conditions for recruitment and fecundity
are both north of basal area, and second, where favourable conditions for fecundity are
located south of tree basal area and favourable conditions for recruitment north of basal
area. The latter pattern may suggest a possible lag in migration of tree species towards
higher latitudes, despite climate warming. Overall, we suggest that in order to anticipate
the structure, diversity and distribution of forests under a changing climate, the complex

mechanisms of migration at the species level must be evaluated.

There has been ongoing debate as to whether species are tracking climate warm-
ing and expanding into northern ranges (Woodall et al., 2008, Zhu et al., 2011, Chen et
al., 2008). For trees, evidence of potential latitudinal range shifts is mostly based on
the observation of temporal changes in spatial distribution of occurrence or abundance
patterns (Boisvert-Marsh et al., 2014, Fei et al., 2017, Zhu et al., 2011, Sittaro et al.,
2017). Evidence suggests that conditions for optimum forest growth have shifted in recent
decades across elevation gradients (Feeley et al., 2011) and latitudes (Fei et al., 2017).
While the epicenter of abundance indicates present day optimal growth conditions, shifts
in the epicenter cannot be interpreted as migration because the connection of growth or
abundance to new recruitment is highly indirect. The migration or persistence of a tree
species under climate change will ultimately depend on the biogeography of successful
regeneration (Bell et al., 2014) and so relates directly to fecundity and recruitment. The
ability of a tree species to colonize new environments under climate change will be facil-
itated or limited by the conditions for fecundity and recruitment (Veresoglou and Halley
2018, Ibanez et al., 2008,2009, Clark 1998, Morin et al., 2007, Clark et al., 2011).

Despite it’s importance, clear evidence of latitudinal changes in tree species
distribution is still limited (Boisvert-Marsh et al., 2014). Insufficient data coverage
and poor/imprecise survey methodology confounds broad-scale assessment of tree shifts
(Woodall et al. 2009, Tingley and Beissinger 2009). Seed production has been studied



over relatively small scales (Koenig et al., 1999, Liebhold et al., 2004) and concentrated at
the species level (Koenig et al., 1999, Lamontagne and Boutin, 2007, Dale et al., 2001).
Further, seed production has not been linked to tree abundance, climate and habitat
variables on scales needed to evaluate migration potential of forests. At the next stage,
studies that have compared the biogeography of adult trees and saplings have yielded con-
tradictory patterns depending on the species or the portion of range examined (Woodall
et al., 2009, 2013, Zhu et al., 2011, 2014, Boisvert-Marsh et al., 2016). Such analyses also
do not shed light on how fecundity may affect the migratory response of forests to climate
change. Overall, in the absence of continent wide fecundity and recruitment estimates,

the inference on tree migration at broad-scales has been inconclusive.

Here we synthesize continental-scale data for tree fecundity gathered over the
last half century as a part of the Masting Inference and Forecasting (MASTIF) project
and combine forest inventories to provide the first opportunity to connect adult trees
(basal area) to fecundity (seeds per basal area) to recruitment (recruits per seed). The
shift of recruitment poleward of basal area is a sign of migration (Zhu et al., 2011)
however the critical indicator for migration comes from linking tree basal area, fecundity
and recruitment. For example, is optimal fecundity shifting relative to recruitment and
basal area? If so, is a poleward shift in optimal fecundity leading or trailing shifts
in recruitment? We consider two hypotheses for the relationships between tree basal
area, fecundity and recruitment that affect migration and the interpretation of data.
We acknowledge that there is a lack of prior evidence for the relationship between tree
abundance, recruitment and fecundity, and therefore cannot comment on the spatio-

temporal change in optimal conditions for fecundity and recruitment.

Hypothesis 1: Convergent response
Recruitment responds to climatic changes in the same way as fecundity, shifting the center
for recruitment in the same direction as that of fecundity, relative to basal area (figure
la). This would occur if optimal fecundity and juveniles were both tracking conditions
towards the same direction. For example, if fecundity is more sensitive than growth to
change in growing season length, then the geographic center for optimal fecundity may
be poleward of basal area. If recruitment follows the direction of fecundity relative to

basal area, this may be treated as the sign of migration in that direction.

Hypothesis 2: Recruitment overcompensation
In the second case, the direction of response for fecundity and recruitment are divergent
(figure 1b). This would occur if fecundity and recruitment are tracking different condi-
tions i.e., if different life stages have different niche requirements (Chase and Leibold,
2003). For example, if fecundity is more sensitive than growth to water limitations, the

center of mass for fecundity might be shifted south of tree basal area. On the other
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Figure 1: Illustrative figure of Hypotheses 1 and 2. Each circle represents the centers of a
life stage (adult trees, seeds or recruits). These centroids may be interpreted as the current
optimum conditions for that life stage. While the optimum conditions for different life stages
are unexpected to coincide, Hypothesis 1 indicates that the displacement between optimum
growth, seed production and recruitment are in the same direction. Hypothesis 2 represents
the idea that the optimum conditions for seed production and recruitment are in opposing
directions. The direction of the arrows do not correspond to a geographic direction



hand, if recruitment is tracking the warming temperature towards higher latitudes, the
centroid for recruitment will be moved north of basal area. Therefore, fecundity and
recruitment will have divergent responses to changing climates. In this case, recruitment

is overcompensating for lagging fecundity at the northern edges of the species range.

Methods

To link fecundity to recruitment and basal area at the continent-scale, we synthesized and
combined data from the MASTIF Network, Forest Inventory Analysis (FIA), Canadian
National Forest Inventory (CNFI) and National Ecological Observatory Network (NEON)
inventories. The seed production data from longstanding plots part MASTIF long-term
monitoring network span the continent. MASTIF has more than 500 plots and crop-
count locations. The plots cover a wide range of climates and ecoregions including sites in
Great Smoky Mountains, Harvard forest, California montane woodlands, Central Rockies
forests, South-east conifer forests and so on. The dataset holds over 9 x 10° data points
from seed traps for over 800 species from 100 families (for more details, refer to Clark et
al., 2019). Abundance or basal area was estimated using diameter at breast height (d.b.h)
measurements from longstanding plots of the FIA, CNFI and NEON. Recruitment was
recorded as in-growth into these long standing plots (the minimum diameter at which

recruitment is recorded is ~ 3inches).

To connect fecundity to basal area and recruitment on the same spatial scale, we
modelled fecundity using crop counts and seed trap data using the MASTIF R Package
(Clark et al., 2019). Predictors of fecundity include individual traits, climate variables
such as spring minimum temperature (°C) and thermal surplus (cm/month), synchronic-
ity with other trees are lag effects. For model fitting, we include species observed in
multiple years with at least 10 individuals. We fitted and studied patterns for 65 tree
species. The model fitted to > 107 tree years provided a posterior distribution that
seamlessly connects to a predictive distribution implemented for > 10° trees from inven-
tories of FIA, CNFI, NEON and MASTIF. Seed production estimates per species were
predicted on the same spatial grid as obtained for basal area of trees and recruitment.
Inference was performed on individual tree years, and therefore is consistent with the

scale at which climate change operates.

To analyze relative positions of favourable conditions for fecundity, basal area

and recruitment, we computed the geographic centroid for each variable as,
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where (X, Y) are the mean latitudes and longitudes for abundance/recruitment /fecundity
weighted geographic centers. X; and Y; are the latitudes and longitudes for each plot and
w; the value of the variable at the plot. The weighted geographic centers are interpreted

as the positions for favourable conditions for growth, recruitment or fecundity.

Results

When examining the relationships between fecundity, recruitment and basal area, we
find two patterns emerge. The first is a northward displacement of optimal fecundity
and recruitment relative to growth (described in Hypothesis 1: Convergent Response).
Species such as Tsuga mertensiana, Thuja plicata, Abies alba, Abies fraseri, Pinus virginia
among others exhibit this pattern. The second pattern is a northward displacement of
recruitment relative to basal area but southward displacement of fecundity, as described
by Hypothesis 2: Recruitment Overcompensation. Species exhibiting this pattern include
Carya alba, Carya texana,Quercus agrifolia, Picea rubens among others. Most of the

species exhibiting this pattern are eastern species.

The east-west contrast disappears at the transition from seeds to recruits per
seed (figure 2b). Recruitment is predominantly located north of fecundity for western and
north eastern species. A different pattern emerges in the south east, where favourable
conditions for recruitment are located south of fecundity centers. At the final stage, we
find that recruitment is leading northward migration for species in the west and parts
of the east. Strikingly, there are considerable shifts east/west rather than north/south.
Continent-wide recruitment is leading both tree basal area and seed production, including
that conditions for germination and/or seedling establishment are responding even faster
than fecundity. The majority of the species are undergoing migration at the continental
scale. The net effect of stage transitions is shown in figure 2c. In the west, fecundity
is primed to lead tree migration, whereas in the east, it commonly lags behind recruit-
ment. Therefore in the west, the major pattern followed by species is that expected from
Hypothesis 1, where fecundity and recruitment are moving in the same direction relative
to tree basal area. In the east, the pattern followed by the a considerable number of
species is from Hypothesis 2, where fecundity and recruitment have divergent responses
relative to basal area. For many eastern species, recruitment overcompensates the lag of

fecundity in the northern range of species.



Figure 2: Each species modelled in this study is represented by a dot. In (a) the points
correspond to the tree abundance centroids per species and arrows are drawn to fecundity
centroids for that species. The arrows are coloured blue for northward shifts and orange for
southward shifts, (b) each points represents the centroid of fecundity and arrows are drawn to
recruitment centroids and finally (c) represents net migration across the continent. Each point
is basal area for a species and arrows are drawn to the species’ recruitment centroid.

The east-west contrast for fecundity relative to basal area is explored further in
Figure 3. In terms of direction, there is a clear shift south and southwestward for tree
species present in the east, with exceptions moving north and east. The magnitude of
the displacement of fecundity relative to basal area is varied, with species such as Pinus
strobus, Magnolia acuminata, Picea rubens, Betula alleghaniensis among others, with
the largest displacements southward. A handful of species in the east have northward
displaced fecundity- Pinus virginia, Quercus coccinea, Quercus montana, among others.
The overall northward displacement of fecundity is outweighed by the a southward and
westward displacement. In the west, there is a more tempered response. Some species
present in the west have east and southeast displaced fecundity. However, the largest

displacement is seen in species moving northwest.
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Figure 3: Each vector in these diagrams represents the direction and distance from the center
of mass of tree basal area to the center of mass for fecundity. The direction corresponds to
a cardinal direction, going clockwise from North to South. The length of each vector is the
distance between basal area and fecundity centroids. Each vector is coloured by the logarithm
of it’s seed production estimate (seeds per m2 per year). The diagrams are split by Eastern
(top) and Western species (bottom). There are some species that appear in both diagrams such
as Acer negundo.



Discussion

The spatio-temporal distribution of a population ultimately arises from the rates at which
individuals grow, reproduce, disperse and die (Pulliam 2000, Schurr et al., 2012). Studies
analysing the migration of tree species have focused on observed spatio-temporal changes
in the relative positions of juveniles to adults (Woodwall et al., 2008, Zhu et al., 2014,
Bosivert-Marsh, 2016, Sittaro et al., 2017). In this study, for the first time, we introduce
fecundity to understand in detail the relative positions of optimal conditions for all life

stages relevant to migration.

For the transition from tree basal area to fecundity we found an east-west con-
trast. In the moist eastern North America, a majority of species show a strong tendency
for optimal fecundity shifted well south or west of tree basal area (figure 2a). A con-
trasting northward displacement of fecundity arises in the west. Notably, on average, the
distance of displacement in the west is greater in the east, possibly signalling a larger
shift.

The east-west contrast in fecundity relative to tree basal area is striking. The
development of moisture limitation over successive years appears to be particularly im-
portant for fecundity (Clark et al., 1998) The result of this is species in the moist eastern
regions exhibit a fundamentally different pattern from the dry west (figure 2a). The
dominant equator-ward shift in fecundity in east is consistent with temperature limita-
tion where moisture is abundant. Contrasting northward displacement of fecundity in the
west suggests predominant moisture limitation and optimal fecundity that could already
be leading pole ward migration out ahead of tree basal area. In fact, arrows in the West
point northwest (figure 2a), indicating fecundity displaced toward not only north but also

toward the moist Pacific Northwest.

The FIA and CNFI datasets have been used extensively in examining range
shifts in species distributions across large geographic scales (Woodall et al., 2008, 2013,
Murphy et al., 2010, Zhu et al., 2011, 2014, Nock et al., 2013, Monleon and Lintz 2015).
The results yielded from these studies are often contradictory. A number of studies indi-
cated that North American tree species are undergoing range expansion at the northern
edge due to greater regeneration success at higher latitudes (Murphy et al., 2010, Woodall
et al., 2008). However, results from Zhu et al., (2011) report a failure to migrate, sug-
gesting a limited range expansion or stability at the northern range edge as well as a
contraction at the southern range limit for tree species in the eastern United States.
Fei et al., (2017) found a shift in abundance over a 30 years period where tree species,

including at low latitudes, were moving westward, tracking moisture.
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From our analysis, it is clear that continent wide migration is taking place. The
migration pattern in this analysis indicates not only a northward movement of species,
but also a westward move. This is expected due to increased warming and regeneration
success at higher latitudes (Woodall et al., 2008, Sittaro et al., 2017). Further, the
westward move is in line with the results from Fei et al. (2017), possibly suggesting that

species are tracking moisture in addition to temperature.

This analysis offers one explanation for the migration lag reported by studies
(Zhu et al., 2011, Sittaro et al., 2017). A key piece comes from the comparison be-
tween the center of mass for recruitment relative to fecundity. For a significant number
of species, recruitment is located north of fecundity indicating that populations in the
northern ranges may be limited by fecundity. As fecundity lags behind, recruitment is
overcompensating for the northward movement of populations. For example, Sittaro et
al., (2017) reports species such as Tilia americana, Pinus strobus and Acer rubrum fail to
expand northward in pace with climate warming. The center of mass of fecundity relative
to basal area for each of these species is located southward (figure 3). The possibility of
fecundity limitation offers one explanation as to why there might be a lag in migration for
many species expected to track climate warming and expand their northern ranges. For
species exhibiting the Recruitment Overcompensation pattern, as favourable conditions
for fecundity of these species is located south of recruitment, the northward migration of

the species is possibly limited by fecundity.

Conclusion

With recent climate change, forest ecosystems are likely to reorganize and redistribute.
Part of this response is controlled by tree migration which itself is led of two processes-
fecundity and recruitment. The migration of trees ultimately depends on the biogeogra-
phy of it’s successful regeneration. This analysis presents the first opportunity to connect
fecundity to recruitment to basal area on a continent-wide scale. There are two primary
patterns to emerge from our analysis- a case where fecundity is leading the northward
migration of tree species (described by Hypothesis 1: Convergent Response) and a case
where fecundity is limiting the northward migration of species (described by Hypothe-
sis 2: Recruitment Overcompensation). In the second case, the northward migration of
species is led by recruitment but offers on explanation as to why some species may fail
to migrate to keep pace with climate warming in higher latitudes. The results from our
study indicate that fecundity is either leading or limiting the northward migration of tree

species in North America.
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