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Abstract

Under a changing climate, species will need to rapidly adapt to novel conditions at exist-
ing locations, migrate to track suitable climate, or risk widespread declines. For sessile,
slow-migrating organisms like trees, adaptive capacity is expected to be particularly im-
portant for survival. Alternatively, assisted migration has been proposed as a means to help
align tree populations with shifting climate habitats. Here we report on the performance of
seed sources and species at broadleaf and conifer climate change trials at 10 and 11 years
after planting, respectively. The trials were established in southern Ontario — an important
transition zone between boreal and temperate ecosystems — and were designed to assess:
(1) the assisted migration potential of six broadleaf species (via northward movements
of seed sources), and (2) the adaptive capacity of three conifer species (via southward
movements of seed sources). Both broadleaf and coniferous seed sources tolerated sig-
nificant movements while maintaining reasonable growth and survival rates. In fact, sev-
eral coniferous seed sources exhibited relatively high growth and survival rates despite
southward transfers of more than 1000 km (>5 °C mean annual temperature) — indicating
considerable adaptive capacity to climate change in these northern conifer populations.
Furthermore, several of the broadleaf species exhibited high levels of growth and survival
despite being planted at, or beyond, their current northern range limits — suggesting the
potential for modest range expansions via assisted migration. Despite caveats related to
the relatively young age of the plantations and deer browsing at the site, these findings
help forest managers better understand potential climate change impacts and assisted mi-
gration outcomes.
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Introduction

Climate change impacts have been reported from forested ecosystems around the world
(McDowell et al. 2020). Such impacts include both growth declines (Girardin et al. 2016a;
Hogg et al. 2017) and increases (Frost and Epstein 2014), drought-driven tree mortality
(Senf et al. 2020), increased frequency and severity of forest fires (Hanes et al. 2019), and
climate-driven expansions of forest pests (Pureswaran et al. 2018). Given this dire situa-
tion, knowledge concerning both the natural adaptive capacity of forests and the efficacy of
human-mediated adaptation efforts is critical.

Adaptive capacity refers to the ability of species to cope with and adapt to novel condi-
tions (Glick et al. 2011; Thurman et al. 2020). A key aspect of adaptive capacity, particularly
in the near-term, is phenotypic plasticity, whereby individual trees persist by adjusting their
morphological and/or physiological traits to novel conditions (Royer-Tardif et al. 2021). For
example, plasticity in biomass allocation between roots and leaves has been implicated in
the drought response of several Mediterranean oak species (Valladares and Sanchez-Gomez
2006). Understanding the extent to which phenotypic plasticity will allow individuals to
persist across a variety of species and regions will allow better projections of climate change
impacts on extant populations (Benito-Garzon et al. 2019).

In contrast to natural adaptive capacity, assisted migration — wherein individuals are
moved to climatically appropriate locations within and/or beyond existing range limits —
has been proposed as a human-mediated climate change adaptation approach (McLachlan
et al. 2007). Several types of assisted migration have been distinguished along a gradient
of movement distance (Ste Marie et al. 2011), including: (1) assisted population expan-
sion (movement of populations within existing range limits); (2) assisted range expansion
(movement of species just beyond existing range limits); and (3) long distance assisted
migration (movement of species well outside existing range limits). In the context of com-
mercial forestry, the movement of seed sources within existing range limits — typically pole-
ward or upslope — has become standard practice in some regions (e.g., O’Neill et al. 2017,
van Kerkhof et al. 2022). Modest range expansions have also been proposed for a number of
tree species in both forestry (O’Neill et al. 2008) and conservation (McLane et al. 2012) set-
tings. Results from assisted migration field trials have been reported for a number of species
and locations (Wang et al. 2019; Sdenz-Romero et al. 2020), though few empirical examples
exist for broadleaf tree species (but see Etterson et al. 2020).

Southern Ontario represents an important ecological transition zone between the boreal
and temperature forest ecosystems. In this region, characteristic boreal species such as black
spruce (Picea mariana) and Jack pine (Pinus banksiana) can be found in remnant popula-
tions at their southern range limits. Conversely, Carolinian tree species such as black walnut
(Juglans nigra), shagbark hickory (Carya ovata), and black oak (Quercus velutina) reach
their northern range limits. As such, this region provides an ideal setting for studying both
the northward expansion of southern tree species and the potential response of boreal tree
populations to a changing climate.

Here we report on the growth and survival of temperate broadleaf and boreal conifer
trees at ages 10 and 11 respectively, from two climate change trials established on former
agricultural land in southern Ontario, Canada. The broadleaf trial aims to better understand
assisted migration outcomes for six different Carolinian tree species, several of which are
at, or beyond, their northern range limits at the study site location. Alternatively, the conifer
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trial examines southward movements of northern seed sources for three boreal tree species,
with a goal of better understanding the adaptive capacity of these populations to climate
change. Overall, this work aims to provide forest managers with information that will help
to manage and conserve forests in an era of rapid climate change.

Methods and materials
Study site

The trials were established on former agricultural land near Claremont, Ontario, Canada
(Fig. 1). At time of establishment, the site was managed by Transport Canada, but has since
been transferred to Parks Canada and is currently part of the Rouge National Urban Park.
Climate at the site is characterized by mean annual temperature of 8.2°C, with cool win-
ters (-3.2°C on average) and warm summers (20.6°C on average). Annual precipitation
averages 1020 mm, with similar amounts in summer (231 mm) and winter (233 mm). A
significant amount of precipitation in winter falls as snow, with accumulations commonly
reaching>10 cm. The site is classified as prime agricultural land, with well-drained soils
predominantly comprised of glacial deposits (till) which include clayey silt to silt and a
minor component of glacial lake deposits of silt and clay in the southwest corner of the
property. Soil textures are predominantly Clay-Loam.

Tree species and seed origins

In establishing these climate change trials, our aim was to incorporate provenances that
would be reasonable selections for assisted migration efforts (for the broadleaf trial) or are
projected to experience future climate that is similar to that currently found at the study site
(for the conifer trial). This very targeted approach means that — unlike a typical provenance
study — a significant amount of genetic variation across the range of each species was not
incorporated into this study (Fig. S1).

Temperate broadleaf trial

Six species were selected for the temperate broadleaf trial, including black oak (Quercus
velutina), red oak (Quercus rubra), white oak (Quercus alba), black walnut (Juglans nigra),
shagbark hickory (Carya ovata), and sugar maple (Acer saccharum). These selections
included both species with distributions that extend well north of the study site (e.g., sugar
maple and red oak) and those distributed primarily to the south of the study site (e.g., black
oak, white oak shagbark hickory, and black walnut).

Selection of planting stock origin (seed sources) was based on a climate similarity analysis
using Seedwhere (McKenney et al. 1999; https://cfs.cloud.nrcan.gc.ca/seedwhere/ ), which
identified candidate seed source locations with recent historical climate that is expected to
be similar to future climate at the study site as the current century progresses. We employed
1961-90 as the recent historical climate period because it coincides with peak weather sta-
tion coverage over much of Canada and precedes recent, rapid changes in climate. Based on
this approach, stock was sourced from four locations along a temperature/latitudinal gradi-
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ent (Fig. 1), including: (1) Ontario (ON) seed zone 34 — specifically Evrett, ON (for black
oak) and Pontypool, ON (for the remaining species), (2) Indiana County, Pennsylvania (PA),
(3) Warren County, Tennessee (TN), and (4) Marshall County, Kentucky (KY).

Boreal conifer trial

Three species were selected for the conifer trial, including black spruce (Picea mariana),
white spruce (Picea glauca), and jack pine (Pinus banksiana). All of these species are dis-
tributed primarily to the north of the study area. Selection of seed sources again involved
Seedwhere (McKenney et al. 1999; https://cfs.cloud.nrcan.gc.ca/seedwhere/ ). In this case,
conifer seed sources were selected from a range of locations that are currently cooler than
the test site. Specifically, we identified locations that were projected to have climate, for a
number of future time periods, that was similar to that recently (1961-1990) found at the
study site. Based on this approach, stock was sourced from the following six Ontario seed
zones (Fig. 1): SZ5,S713,SZ18,SZ21, SZ25, SZ28. Note that Ontario has recently updated
its seed transfer system and now employs ecodistricts as spatial units (van Kerkhof et al.
2022); however, at time of study establishment, the original seed zones were the basis for
seed transfer in the province.

Experimental design

Both trials employed a randomized complete block design. For the broadleaf trial, 5 blocks
were established, each containing 24 plots — one for each combination of tree species (6)
and seed origin (4). Within each plot, 36 trees were planted in a 6-tree x 6-tree layout, with

Fig. 1 Location of broadleaf (tri-
angles) and coniferous (shaded
Ontario seed zones) seed sources
planted at two climate change
trials near Claremont, Ontario
(star)
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a spacing of 2.5 m between trees. In total, 4320 trees were used in the broadleaf trial (i.e., 6
tree species x 4 seed origins x 36 seedlings per plot x 5 blocks). For the conifer trial, 5 blocks
were established, each containing 18 plots — one for each combination of tree species (3)
and seed origin (6). A 6- tree x 6-tree layout was again employed, with a spacing of 2.0 m
between trees. In total, 3240 trees were used in this trial (i.e., 3 tree species x 6 seed origins
x 36 seedlings per plot x 5 blocks).

Site preparation, planting, maintenance, and measurements
Temperate broadleaf trial

The broadleaf trial site was deep-disc cultivated, rotovated, and cover crop seeded with low-
growth white clover prior to planting. Bare root seedlings were hand planted in April 2009.
It was challenging to obtain identical planting stock (in terms of age and size) for each spe-
cies across the various nurseries employed in the experiment; thus, seedlings had typically
been in seedbeds for 1-2 years and were typically 1545 cm in height at time of planting.
Survival was assessed in fall 2009 and dead seedlings were replaced in spring 2010, primar-
ily using extra seedlings that had been outplanted on site at time of trial establishment in
2009 to account for attrition.

Tubex™ tree shelters, 75 cm in height, were installed on a stake around each tree shortly
after planting. Shelters required some restaking over time due to frost heaving, snow accu-
mulation, and wind damage. Deer browsing was a challenge at the site and efforts were
made to extend the height of the tubes where browsing was heavy.

Herbicide was used to reduce vegetation competition at the site. In spring 2009, shortly
after planting, the trial was spot sprayed with a tank mix of Princep NineT™ (granular
Simazine) at 5% active ingredient and Roundup Weather Max™ at 3% active ingredient.
Spraying covered a minimum 50 c¢m radius around each stem. In 2012, the trial was again
sprayed with a tank mix of Simadex Flowable 7.0 kg/ha active ingredient and Roundup
WeatherMax at 3% active ingredient. The site was rotary cut 3 times per season in both
directions since planting, typically in late spring, mid-summer, and late-summer. Survival
and height assessments were carried out in fall 2018, 10 growing seasons after planting.

Boreal conifer trial

The conifer trial site was deep-disc cultivated, rotovated, and cover crop seeded with low-
growth white clover prior to planting. Container seedlings were hand-planted in mid-April
2008 following the design described above. Seedlings were inoculated (just prior to planting
by dipping the soil plug in a mixture of water and well-ground fungus) with native (northern
strain) mycorrhizal fungi to help mitigate the transition to a Southern Ontario agricultural
field from a boreal environment. Similar to the broadleaf stock, it was challenging to obtain
identical planting stock (in terms of age and size) for each species across the various nurs-
eries employed in the experiment; thus, seedlings had typically been in containers for 1-2
years and were typically 15-45 cm in height at time of planting. Survival was assessed in
fall 2009 and dead seedlings were replaced in spring 2010 using extra seedlings that had
been outplanted on site at time of trial establishment in 2008. A full complement of seed
zone 28 (all 3 species) and seed zone 18 white spruce were in-filled at this time (2010), a
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high proportion of seed zone 21 jack pine was also in-filled, as most of this stock did not
survive due to initial poor quality stock upon receipt.

Herbicide treatments followed the methodology described above for the broadleaf plan-
tation. Survival and height assessments were carried out in fall 2018, 11 growing seasons
after planting.

Climate data

Climate estimates at the planting site and all seed source locations were obtained by inter-
rogating spatial climate models covering North America (McKenney et al. 2011). These
thin-plate spline-based models are spatially continuous, allowing them to be queried at any
location for which geographic coordinates and elevations are known. Thirty-year average
models typically are within measurement errors for temperature (+/- 0.5 °C) and 10-20%
for precipitation. Specifically, climate values were generated at seed source origins for each
year over the 1961-1990 period — a period prior to rapid climate change that may approxi-
mate conditions to which the seed sources are adapted — and at the planting site for each year
between establishment and measurement (i.e., 2008-2018).

Statistical approach

We modelled tree height using a mixed effects model:
Yijiw = p+ ai+ Bj + (aB);; + v + 0y + €ijwl (1

where, p is the overall mean, o; is the (fixed) effect of tree species, f; is the (fixed) effect of
seed origin, (af); is the (fixed) interaction effect between species and seed origin, vy is the
(random) effect of block, &, is the (random) effect of plot nested within block, and €, is
the model error. The analysis was performed in SAS 9.4 (SAS Institute Inc. 2013).) using
PROC GLIMMIX, with a residual pseudo-likelihood estimation method and Kenward-
Roger correction to the denominator degrees of freedom. The model specified in Eq. 1 was
also used to analyze tree survival, but in this case the logit link and binary distribution were
specified in the call to PROC GLIMMIX. The R? metric, which is a well-known estimate of
the proportion of variance explained by normal linear models, is not typically provided for
the generalized linear mixed models used here. Thus, we employed a published SAS Macro
routine (Jaeger et al. 2017) to obtain R? values for the fixed effects in each of our models.

Results

Broadleaf Trial

The broadleaf seed sources used in this study originated from locations that cover a range of
temperature and precipitation conditions (Fig. 2). Temperatures experienced by the growing
plantation were generally warmer than historical temperatures at the Ontario seed sources

(Pontypool), similar to temperatures associated with the Pennsylvania seed sources (Indi-
ana County), and cooler than those associated with seed sources from Kentucky (Marshall
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Fig. 2 Annual and growing season temperature and precipitation conditions at coniferous seed sources
(blue), deciduous seed sources (red), and plantation site in Claremont, Ontario (green). Seed source cli-
mate values are for a historical period (1961-1990) that precedes recent rapid climate change; plantation
values are for the period between planting and measurement (i.e., 2008-2018)

County) and Tennessee (Warren County). Precipitation experienced at the plantation, both
annually and during the growing season, was higher than that historically reported at Pon-
typool, but lower than that historically experienced by the remaining seed sources (Fig. 2).

The mixed model for broadleaf height at age 10 was highly significant (Fy; 149 = 6.3,
p<0.0001) and explained 59% of variation in seedling height (Table 1). There was a sig-
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nificant effect of species, with black walnut growing best, hickory growing worst, and the
remaining species exhibiting intermediate growth (Fig. 3a). Height was also significantly
affected by seedling origin (Table 1). In this case, stock from Ontario grew significantly
better than that from all other locations, while stock from Pennsylvania grew signficantly
better than that from Kentucky (Fig. 3b). There was a significant interaction between Spe-
cies and Origin (Table 1), such that the effect of stock origin varied across species (Fig. 3c).
For example, stock from Ontario grew best for black walnut, black oak, and red oak, but not
for the remaining species. Furthermore, stock from Kentucky grew poorly for most species,
but exhibited top growth among sugar maple seed sources.

The mixed model for broadleaf survival was also highly significant (Fy; ¢ = 15.5,
p<0.0001) and explained 84% of variation in seedling survival (Table 1). Survival rates var-
ied signficantly across species (Table 1), with black walnut exhibiting a significantly higher
survival rate than all other species, hickory exhibiting a significantly lower survival rate

Fig.3 Least squares mean height ~ (3) 200
at age 10 (£ S.E.) of broadleaf +
trees at a trial in Claremont,
Ontario in relation to (a) species, 150 a
(b) seed origin (ON=0Ontario, T
PA=Pennsylvania, KY =Ken- ot 100 3 ab
tucky, and TN =Tennessee), and S
(c) species by seed origin. Dif- £ b
ferences between species and/or - bc
seed origins not sharing the same
letter are statistically significant &
(i.e., p<0.05) 0
Black Black Hickory Red Sugar White
Oak Walnut Oak Maple Oak
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than all other species, and white oak surviving significantly better than black oak (Fig. 4a).
Seedling origin also significantly affected survival (Table 2), with stock from Kentucky
exhibiting significantly lower survival than all other locations and stock from Pennsylvania
exhibiting significantly higher survival rates than that from Ontario (Fig. 4b). There was
a significant interaction between Species and Origin (Table 1); for example, stock from
Ontario had the lowest survival rates for hickory and white oak, but the highest survival
rates for black walnut, black oak, and red oak (Fig. 4c).

Conifer trial

Coniferous seed sources originated from a range of temperature and precipitation conditions
(Fig. 2). Temperatures experienced by the growing plantation were warmer than historical
temperatures at all of the seed sources, including those from SZ28, which is located imme-
diately north of the planting site (Fig. 1). Annual precipitation at the plantation was similar
to historical precipitation levels at SZ21 and SZ28, but higher than historical levels at the
remaining seed zones, while precipitation during the growing season was higher at the plan-
tation than any of the seed zones (Fig. 2).

The mixed model for conifer height at age 10 was highly significant (F;;,; = 5.5,
p<0.0001) and explained 80% of the variation in seedling height (Table 2). Height growth
differed significantly across species (Table 2), with jack pine exhibiting a higher growth rate
than both black and white spruce (Fig. 5a). Height growth also varied in relation to origin
(Table 2), with stock originating from SZ13 (northwestern Ontario) exhibiting significantly
better growth than that originating from SZ28 (south central Ontario) and SZ18 (northeast-
ern Ontario). Planting stock from SZ25 (central Ontario) and SZ5 (northwestern Ontario)
also grew significantly better than that from S28 (Fig. 5b). The interaction between Species
and Origin was not significant (Table 2) as evidenced by the relatively consistent growth
performace of the various seedling origins across species (Fig. 5c).

The mixed model for conifer survival was also highly significant (F,; ¢, =6.5, p<0.0001)
and explained 64% of the variation in tree survival (Table 2). Survival rates varied signifi-
cantly across species (Table 2), with white spruce exhibiting significantly higher survival
rates than black spruce, and jack pine intermediate between the two (Fig. 6a). Survival rate
also varied in relation to provenance (Table 2), with stock from SZ28 exhibiting signifi-

Table 1 Significance tests for Response Fixed DF DF F  Pr>F
ﬁ?;ed eﬂeCtsciffomhmlx}fd mdodels Effects (numerator) (denominator)
relating seedling height and sur- g o = p (0T 3 107.6 102 <0.0001
vival to species and seed origin
(provenance) for a broadleaf enan(.:e
plantation in Claremont, Ontario Species 5 103.3 1.8 <0.0001
Spe- 15 101.2 3.0 0.0006
cies*
Prov-
enance
Survival ~ Prov- 3 102.2 16.8 <0.0001
enance
Species 5 100.5 36.9 <0.0001
Spe- 15 95.01 9.8 <0.0001
cies*
Prov-
enance
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Fig.4 Least squares mean sur-
vival at age 10 (£S.E.) of broad-
leaf trees at a trial in Claremont,
Ontario in relation to (a) species,
(b) seed origin (ON=Ontario,
PA=Pennsylvania, KY=Ken-
tucky, and TN=Tennessee), and
(c) species by seed origin. Dif-
ferences between species and/or
seed origins not sharing the same
letter are statistically significant
(i.e., p<0.05)
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cantly lower survival rates than stock originating from the other locations (Fig. 6b). The
interaction between Species and Origin was significant, but relatively weak (Table 2). An
interaction plot indicated modest changes in performance of the various provenances across
species, though stock from SZ13, SZ25 and SZ5 tended to perform well, while stock from
SZ28 consistently performed poorly (Fig. 6¢).
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Discussion

Results from our broadleaf trial provided a number of insights regarding northward move-
ments of seed sources and species. Local seed sources tended to exhibit the best growth,
though this was not the case for all species in the study (e.g., hickory and sugar maple).
Furthermore, survival rates were highest for stock from Pennsylvania, followed by Tennes-
see and Ontario; though again, this order varied by species. Planting stock from Kentucky
consistently exhibited the lowest growth and survival rates of the four seed sources in the
study. These findings suggest that broadleaf seed sources can be moved considerable dis-
tances before exhibiting significant growth and survival losses. For example, stock from
Indiana County, PA — approximately 500 km south of the planting site — exhibited above
average growth and survival for nearly all species in the study.
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Table 2 Significance tests for Response  Fixed DF DF F Pr>F
fixed effects from mixed models Effects (numerator) (denominator)

relating seedling height and Height  Prove- 5 7422 535 0.0003
survival to species and seed nance

origin for a conifer plantation in
Claremont, Ontario Spe- 2 74.64 35.37 <0.0001
cies
Spe- 10 74.02 0.81 0.6176
cies*
Prove-
nance
Survival ~ Prove- 5 70.56 17.49 <0.0001
nance
Spe- 2 70.76 7.95  0.0008
cies
Spe- 10 70.27 2.06 0.0393
cies*
Prove-
nance

Three broadleaf species — black oak, black walnut, and shagbark hickory — were planted
at, or beyond, their current northern range limits. Growth and survival rates varied widely
across these species, with black walnut exhibiting the highest rates in the study, black oak
intermediate, and shagbark hickory the lowest. These results suggest that there is potential
for species to survive and grow well when moved to locations just north of their current
northern range limits (i.e., assisted range expansion), supporting previous studies that have
reported successful northward range expansions in forestry (Etterson et al. 2020), restora-
tion (Truax et al. 2018), and horticultural (van der Veken et al. 2008) settings. Note that the
poor performance by shagbark hickory reported here is consistent with previous studies that
have found this species challenging to establish on former agricultural land (Cogliastro et al.
1997; von Althen 1990). While there has been considerable debate regarding the appropriate
use of assisted migration as a climate change adaptation tool (McLachlan et al. 2007; Hewitt
et al. 2011), modest movements of tree species, such as those undertaken here, represent a
relatively low risk approach that may facilitate northward shifts to track climate change —
particularly in landscapes that have been extensively fragmented by human development.

The southward movement of conifer seed sources was designed to examine the extent to
which populations can tolerate the climate conditions that they are projected to experience
in the coming decades under climate change. Surprisingly, the local seed source (from seed
zone 28) exhibited the lowest rates of growth and survival at the planting site. We propose
that this poor performance was related to poor quality seedlings at time of planting; in fact,
many of the original seedlings from this seed zone died and had to be replanted in subse-
quent years. Thus, if we assume that the results from seed zone 28 were an anomaly, the
remaining seed sources exhibited relatively consistent performance. Of particular note are
the seed sources from northwestern Ontario (seed zones 5 and 13), which exhibited some
of the highest growth and survival rates in the study, despite originating approximately
1500 km northwest of the planting site — where mean annual temperatures are over 5°C
cooler on average. These findings suggest that populations of these conifer species have
significant levels of phenotypic plasticity, allowing rapid acclimatization to longer distance
seed transfers and potentially novel climate conditions.
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Fig. 6 Least squares mean sur-
vival at age 10 (+S.E.) of conifer
trees at a trial in Claremont,
Ontario in relation to (a) spe-
cies, (b) seed origin (provincial
seedzones, see Fig. 1), and (c)
species by seed origin. Differ-
ences between species and/or
seed origins not sharing the same
letter are statistically significant
(i.e.,, p<0.05)
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Previous work, using data from provenance studies, has also reported significant phe-
notypic plasticity associated with conifer seed sources. Response curves, which plot seed
source performance (e.g., height or survival) as a function of climate at a range of planting
sites, typically show good performance across a range of conditions (Wang et al. 2006,
2010). For example, Pedlar and McKenney (2017) reported that northern seed sources of
five conifer species exhibited growth increases (relative to local) when transferred to plant-
ing sites that were up to 8°C of MAT warmer than local conditions. Furthermore, Pedlar et
al. (2021) quantified critical seed transfer distances for three boreal conifers and reported
that seeds could be moved to planting locations approximately 6°C of MAT cooler or 4°C of
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MAT warmer before exhibiting growth forfeitures greater than 10% relative to local. These
findings suggest that trees may persist for some time at a given location due to relatively
high levels of phenotypic plasticity (see also Benito-Garzon et al. 2019). We note however,
that extreme weather events such as droughts, which are expected to increase under cli-
mate change (Dai 2013), could overwhelm the temperature-related phenotypic plasticity
described here. Indeed, significant drought-related mortality events in northern regions sug-
gest that this may be an important driver of forest change (Senf 2020, Girardin et al. 2016b).

It is important to consider trade-offs between height and survival when assessing seed
movements under climate change (Pedlar et al. 2021). Migrated seed sources have been
associated with significant mortality events, which can nullify anticipated growth gains
(Benito-Garzon 2013). In the broadleaf trial, there was some evidence that long-distance
transfers — particularly seed sources from Kentucky — were associated with higher rates of
mortality. While these seed sources may grow better than local sources in the long run, these
early losses underline the risks involved in long-distance movements. Interestingly, seed
sources from slightly further away in Tennessee did not exhibit the same level of mortality.

A growing number of studies are reporting outcomes from climate change and assisted
migration trials. Wang et al. (2019) carried out both northward and southward movements
of seed sources for two range-restricted perennial forbs in Alberta, Canada. Similar to our
results, they found that, for one of the species, northward movements of approximately
500 km were associated with good survival, growth, and flowering relative to local metrics.
However, they reported low survival and growth for the other species at all planting sites
(similar to hickory in the current study), underlining the high degree of interspecific varia-
tion in assisted migration outcomes. Sdenz-Romero et al. (2020) reported on three different
assisted migration trials in Canada and Mexico and reported the following general insights:
(1) populations of Picea glauca X P. engelmannii may be safely planted at locations that are
3 °C cooler than local (in terms of mean coldest month temperature); (2) Pinus albicaulis
can be established outside of its current natural distribution at sites that have climates that
are within the species’ modelled historic climatic niche, and (3) Abies religiosa performs
well when moved 400 m upward in elevation. These findings generally support those pre-
sented here regarding the suitability of seed sources for northward/upslope movements and
the potential for range expansion under climate change. Finally, Etterson et al. (2020) exam-
ined the growth of southern and northern seed sources for two oak species in northern Min-
nesota and found that the southern seed sources generally outperformed the more northern
sources — again supporting the notion of northward seed source movements on the scale of
several hundred kilometers.

We recognize a number of caveats related to the current work. First, given the relatively
young age of the plantations examined here, our findings should be considered preliminary
in nature. Provenance studies have reported changes in the ranking of seed source per-
formance over time, which can impact key study outcomes (Rweyongeza 2016). Growth
curves could be used to project rank changes among species, though such curves were not
available for all species in the current study — and typically do not incorporate climate
change. Furthermore, reproductive capacity of trees at the new location may require several
decades before being assessed. Nonetheless, the early years of a plantation are recognized
as being critical for tree survival (Lutz and Halpern 2006), suggesting that important per-
formance metrics may be measured over this period. Furthermore, results from a 5-year
measurement of the current study (not shown) were generally consistent with the findings
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reported here. A second caveat relates to deer browsing at the broadleaf site, which has been
shown to be a major concern for broadleaf regeneration in the Great Lakes region of North
America (Redick and Jacobs 2020). Despite the use of tree shelters, deer caused significant
damage by browsing the tops of developing saplings as they emerged from the shelters,
which may have impacted both growth and survival measurements. Though we did not
carry out extensive browse surveys, casual observations indicated that a range of broadleaf
species and seed sources were affected. In fact, the high growth rates exhibited by black
walnut may be due, in part, to low levels of browsing on this species — a phenomenon that
has been reported in other studies (Schempf and Jacobs 2020).

Conclusion

Our findings support previous work that has shown that broadleaf species can be moved
modest distances at, or beyond, their current northern range limits with little impact to
growth and survival. One such species, shagbark hickory, did not grow or survive well at
our planting site, but this may be due to known challenges with establishing this species
in agricultural settings. Both broadleaf and coniferous seed sources were able to tolerate
significant movements while maintaining reasonable growth and survival rates. In fact,
several coniferous seed sources exhibited relatively high growth and survival rates despite
southward transfers of more than 1000 km — indicating significant adaptive capacity to
climate change in these northern conifer populations. However, given the potential impacts
of extreme weather events such as droughts and late frosts on young plantations, more
restrained transfer distances are recommended. Though modest in scope, this work helps
to fill a void in the literature concerning climate change impacts on northern conifers and
assisted migration outcomes for temperate broadleaf species. Future efforts at this site will
help to clarify the longevity of these findings and the response of migrated seed sources to
extreme climate events.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11056-023-09965-x.

Acknowledgements We thank Steve Colombo and Paul Gray at Ontario Ministry of Natural Resources and
Forestry for their financial and intellectual support of this work. We also thank Jean-Denys Leblanc, Gary
Roth, and Saul Fraleigh for technical support in establishing, maintaining, and measuring the plantations.

Author contributions Conceptualization: DM, DA; Fieldwork: DA; Formal analysis: JP; Writing— original
draft preparation: JP, DA; Writing—review and editing: JP, DM, DA.

Funding This research was supported by: (1) a Collaborative Research Agreement between the Ontario Min-
istry of Natural Resources and Forestry and Natural Resources Canada — Canadian Forest Service (NRCan-
CFS; Climate Change Project CC-07/08-018), and (2) funding from the Canadian Wood Fibre Centre
(NRCAN-CFS).

Open access funding provided by Natural Resources Canada.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,

@ Springer


https://doi.org/10.1007/s11056-023-09965-x
https://doi.org/10.1007/s11056-023-09965-x

78 New Forests (2024) 55:63-79

which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material.
If material is not included in the article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Benito-Garzon M, Ha-Duong M, Frascaria-Lacoste N, Fernandez-Manharres F (2013) Extreme climate vari-
ability should be considered in forestry-assisted migration. Bioscience 63:317-317

Benito-Garzén M, Robson TM, Hampe A (2019) ATraitSDMs: species distribution models that account
for local adaptation and phenotypic plasticity. New Phytol 222:1757-1765. https://doi.org/10.1111/
nph.15716

Cogliastro A, Gagnon D, Bouchard A (1997) Experimental determination of soil characteristics optimal for
the growth of ten hardwoods planted on abandoned farmland. For Ecol Manage 96:49-63

Dai A (2013) Increasing drought under global warming in observations and models. Nat Clim Change 3:52—
58. https://doi.org/10.1038/nclimate 1633

Etterson JR, Cornett MW, White MA, Kavajecz LC (2020) Assisted migration across fixed seed zones detects
adaptation lags in two major north american tree species. Ecol Appl 30:¢02092. https://doi.org/10.1002/
eap.2092

Frost GV, Epstein HE (2014) Tall shrub and tree expansion in siberian tundra ecotones since the 1960s.
Global Change Biol 20:1264—-1277. https://doi.org/10.1111/gcb.12406

Glick P, Stein BA, Edelson NA (2011) Scanning the conservation horizon: a guide to climate change vulner-
ability assessment. National Wildlife Federation, Washington, DC

Girardin MP, Bouriaud O, Hogg EH et al (2016a) No growth stimulation of Canada’s boreal forest under half-
century of combined warming and CO2 fertilization. Proc Natl Acad Sci 113:E8406—E8414. https://doi.
org/10.1073/pnas. 1610156113

Girardin MP, Hogg EH, Bernier PY, Kurz WA, Guo XJ, Cyr G (2016b) Negative impacts of high tempera-
tures on growth of black spruce forests intensify with the anticipated climate warming. Global Change
Biol 22:627-643. https://doi.org/10.1111/gcb.13072

Hanes CC, Wang X, Jain P, Parisien MA, Little JM, Flannigan MD (2019) Fire-regime changes in Canada
over the last half century. Can J For Res 49:256-269. https://doi.org/10.1139/cj{r-2018-0293

Hewitt N, Klenk N, Smith AL et al (2011) Taking stock of the assisted migration debate. Biol Conserv
144:2560-2572. https://doi.org/10.1016/j.biocon.2011.04.03 1

Hogg EH, Michaelian M, Hook TI, Undershultz ME (2017) Recent climatic drying leads to age-indepen-
dent growth reductions of white spruce stands in western Canada. Global Change Biol 23:5297-5308.
https://doi.org/10.1111/gcb.13795

Jaeger BC, Edwards LJ, Das K, Sen PK (2017) An R2 statistic for fixed effects in the generalized linear mixed
model. J Appl Stat 44:1086—1105. https://doi.org/10.1080/02664763.2016.1193725

Lutz JA, Halpern CB (2006) Tree mortality during early forest development: a long-term study of rates,
causes, and consequences. Ecol Monogr 76(2006):257-275. https://doi.org/10.1890/0012-9615.
076%5B0257: TMDEFD%5D2.0.CO;2

McDowell NG, Allen CD, Anderson-Teixeira K et al (2020) Pervasive shifts in forest dynamics in a changing
world. Science 368:6494. https://doi.org/10.1126/science.aaz9463

McKenney DW, Hutchinson MF, Papadopol P et al (2011) Customized spatial climate models for North
America. Bull Am Meteorol Soc 92:1611-1622. https://doi.org/10.1175/2011BAMS3132.1

McKenney DW, Mackey BG, Joyce D (1999) Seedwhere: a computer tool to support seed transfer and eco-
logical restoration decisions. Environ Modell Software 14:589-595

McLachlan JS, Hellmann JJ, Schwartz MW (2007) A framework for debate of assisted migration in an era of
climate change. Conserv Biol 21:297-302. https://doi.org/10.1111/j.1523-1739.2007.00676.x

McLane SC, Aitken SN (2012) Whitebark pine (Pinus albicaulis) assisted migration potential: testing estab-
lishment north of the species range. Ecol Appl 22:142—153. https://doi.org/10.1890/11-0329.1

O’Neill GA, Ukrainetz NK, Carlson MR et al (2008) Assisted migration to address climate change in British
Columbia: recommendations for interim seed transfer standards. B.C. Min. For. Range, Res. Br., Victo-
ria, B.C.Tech. Rep. 048. www.for.gov.bc.ca/hfd/pubs/Docs/Tr/Tr048.htm

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/nph.15716
https://doi.org/10.1111/nph.15716
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1002/eap.2092
https://doi.org/10.1002/eap.2092
https://doi.org/10.1111/gcb.12406
https://doi.org/10.1073/pnas.1610156113
https://doi.org/10.1073/pnas.1610156113
https://doi.org/10.1111/gcb.13072
https://doi.org/10.1139/cjfr-2018-0293
https://doi.org/10.1016/j.biocon.2011.04.031
https://doi.org/10.1111/gcb.13795
https://doi.org/10.1080/02664763.2016.1193725
https://doi.org/10.1890/0012-9615
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1175/2011BAMS3132.1
https://doi.org/10.1111/j.1523-1739.2007.00676.x
https://doi.org/10.1890/11-0329.1
http://www.for.gov.bc.ca/hfd/pubs/Docs/Tr/Tr048.htm

New Forests (2024) 55:63-79 79

O’Neill GA, Wang T, Ukrainetz NK, Charleson L, McAuley L, Yanchuk A, Zedel S (2017) A proposed
climate-based seed transfer system for British Columbia. Prov. BC, Victoria. BC Tech. Rep. 099. www.
for.gov.be.ca/hfd/pubs/Docs/Tr/Tr099.htm

Pedlar JH, McKenney DW (2017) Assessing the anticipated growth response of northern conifer populations
to a warming climate. Sci Rep 7:1-10. https://doi.org/10.1038/srep43881

Pedlar JH, McKenney DW, Lu P (2021) Critical seed transfer distances for selected tree species in eastern
North America. J Ecol 109:2271-2283. https://doi.org/10.1111/1365-2745.13605

Pedlar JH, McKenney DW, Lu P, Thomson A (2021) Response of northern populations of black spruce and
jack pine to southward seed transfers: implications for climate change. Atmosphere 12:1363. https://doi.
org/10.3390/atmos 12101363

Pureswaran DS, Roques A, Battisti A (2018) Forest insects and climate change. Curr For Rep 4:35-50.
https://doi.org/10.1007/s40725-018-0075-6

Redick CH, Jacobs DF (2020) Mitigation of deer herbivory in temperate hardwood forest regeneration: a
meta-analysis of research literature. Forests 11:1220. https://doi.org/10.3390/f11111220

Royer-Tardif S, Boisvert-Marsh L, Godbout J, Isabel N, Aubin I (2021) Finding common ground: toward
comparable indicators of adaptive capacity of tree species to a changing climate. Ecol Evol 11:13081—
13100. https://doi.org/10.1002/ece3.8024

Rweyongeza DM (2016) A new approach to prediction of the age-age correlation for use in tree breeding.
Ann For Sci 73:1099-1111. https://doi.org/10.1007/s13595-016-0570-5

SAS Institute Inc (2013) SAS user’s guide: statistics, release 9.4. SAS Institute Inc., Cary, NC

Saenz-Romero C, O’Neill G, Aitken SN, Lindig-Cisneros R (2020) Assisted migration field tests in Canada
and Mexico: Lessons, limitations, and challenges. Forests 12:9. https://doi.org/10.3390/f12010009

Schempf WM, Jacobs DF (2020) Hardwood species show wide variability in response to silviculture during
reclamation of coal mine sites. Forests 11:72. https://doi.org/10.3390/f11010072

Senf C, Buras A, Zang CS, Rammig A, Seidl R (2020) Excess forest mortality is consistently linked to
drought across Europe. Nat Commun 11:1-8. https://doi.org/10.1038/s41467-020-19924-1

Ste-Marie CA, Nelson E, Dabros A, Bonneau ME (2011) Assisted migration: introduction to a multifaceted
concept. For Chron 87:724-730. https://doi.org/10.5558/tfc2011-089

Thurman LL, Stein BA, Beever EA et al (2020) Persist in place or shift in space? Evaluating the adaptive
capacity of species to climate change. Front Ecol Environ 18:520-528. https://doi.org/10.1002/fee.2253

Truax B, Gagnon D, Fortier J, Lambert F, Pétrin M-A (2018) Ecological factors affecting white pine, red oak,
bitternut hickory and black walnut underplanting success in a northern temperate post-agricultural for-
est. Forests 9:499. https://doi.org/10.3390/f9080499

Valladares F, Sanchez-Goémez D (2006) Ecophysiological traits associated with drought in Mediterranean
tree seedlings: individual responses versus interspecific trends in eleven species. Plant Biol 8:688—697.
https://doi.org/10.1055/5-2006-924107

van der Veken S, Hermy M, Vellend M, Knapen A, Verheyen K (2008) Garden plants get a head start on
climate change. Front Ecol Environ 6:212-216. https://doi.org/10.1890/070063

van Kerkhof B, Elliott KA, Lu P, McKenney DW, Parker WC, Pedlar JH, Roubal N (2022) Enhancing forest
resilience: advances in Ontario’s wild tree seed transfer policy. For Chron, in press

von Althen FW (1990) Sowing and planting shagbark and bitternut hickories on former farmland in southern
ontario. Forestry Canada RN-O-X-403. Great Lakes Forestry Centre, Sault Ste Marie, ON.

Wang T, Hamann A, Yanchuk A, O’neill GA, Aitken SN (2006) Use of response functions in select-
ing lodgepole pine populations for future climates. Global Change Biol 12:2404-2416. https://doi.
org/10.1111/§.1365-2486.2006.01271.x

Wang T, O’Neill GA, Aitken SN (2010) Integrating environmental and genetic effects to predict responses of
tree populations to climate. Ecol Appl 20:153—163. https://doi.org/10.1890/08-2257.1

Wang Y, Pedersen JL, Macdonald SE, Nielsen SE, Zhang J (2019) Experimental test of assisted migration
for conservation of locally range-restricted plants in Alberta, Canada. Glob Ecol Conserv 17:¢00572.
https://doi.org/10.1016/j.gecc0.2019.¢00572

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a

publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manu-
script version of this article is solely governed by the terms of such publishing agreement and applicable law.

@ Springer


http://www.for.gov.bc.ca/hfd/pubs/Docs/Tr/Tr099.htm
http://www.for.gov.bc.ca/hfd/pubs/Docs/Tr/Tr099.htm
https://doi.org/10.1038/srep43881
https://doi.org/10.1111/1365-2745.13605
https://doi.org/10.3390/atmos12101363
https://doi.org/10.3390/atmos12101363
https://doi.org/10.1007/s40725-018-0075-6
https://doi.org/10.3390/f11111220
https://doi.org/10.1002/ece3.8024
https://doi.org/10.1007/s13595-016-0570-5
https://doi.org/10.3390/f12010009
https://doi.org/10.3390/f11010072
https://doi.org/10.1038/s41467-020-19924-1
https://doi.org/10.5558/tfc2011-089
https://doi.org/10.1002/fee.2253
https://doi.org/10.3390/f9080499
https://doi.org/10.1055/s-2006-924107
https://doi.org/10.1890/070063
https://doi.org/10.1111/j.1365-2486.2006.01271.x
https://doi.org/10.1111/j.1365-2486.2006.01271.x
https://doi.org/10.1890/08-2257.1
https://doi.org/10.1016/j.gecco.2019.e00572

	﻿Effect of tree species and seed origin on climate change trial outcomes in Southern Ontario
	﻿Abstract
	﻿Introduction
	﻿Methods and materials
	﻿Study site
	﻿Tree species and seed origins
	﻿Temperate broadleaf trial
	﻿Boreal conifer trial


	﻿Experimental design
	﻿Site preparation, planting, maintenance, and measurements
	﻿Climate data
	﻿Statistical approach
	﻿Results
	﻿Broadleaf Trial
	﻿Conifer trial

	﻿Discussion
	﻿Conclusion
	﻿References


