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Abstract: To facilitate forest transition to future climate conditions, managers can use adaptive
silvicultural tools, for example the assisted translocation of tree species and genotypes to areas with
suitable future climate conditions (i.e., assisted migration). Like traditional plantations, however,
assisted migration plantations are at risk of failure because of browsing by ungulate herbivores.
The ability of seedlings to tolerate browsing could also be hampered by low water availability,
as is expected under climate change. Using a greenhouse experiment with five eastern North
American tree species, we evaluated the effects of simulated winter browsing and reduced water
availability on the growth (total biomass, shoot:root ratio), survival, and chemical composition
(nitrogen, total phenolics, flavonoids) of seedlings. We compared seedlings from three geographic
provenances representing three climate analogues, i.e., locations with a current climate similar to
the climate predicted at the plantation site at a specific time (here: current, mid-century and end
of the century). We hypothesized that seedlings would allocate resources to the system (shoots or
roots) affected by the most limiting treatment (simulated browsing or reduced water availability).
Additionally, we evaluated whether the combination of treatments would have an additive or non-
additive effect on the growth, survival and chemical composition of the seedlings. Quercus rubra
seedlings reacted only to the water reduction treatment (changes in biomass and N concentration,
dependent on geographic provenance) while Pinus strobus reacted only to the simulated browsing
treatment (biomass and chemical composition). We also observed non-additive effects of reduced
water availability and simulated browsing on Prunus serotina, Acer saccharum and Thuja occidentalis. In
general, shoot:root ratio and investment in chemical defense did not vary in response to treatments.
The regrowth response observed in Q. rubra and A. saccharum suggests that these species could
tolerate periodic browsing events, even when water availability is reduced. More information is
required to understand their long-term tolerance to repeated browsing events and to harsher and
more frequent water stress. We highlight the importance of species-specific growth and allocation
responses that vary with geographic provenance, which should be considered by managers when
planning climate-adapted strategies, such as assisted migration.

Keywords: assisted translocation; Cervids; compensatory growth; greenhouse experiment; simulated
browsing; tolerance; water stress

1. Introduction

Rising temperatures and increasing frequency of natural disturbances due to climate
change will affect the future viability of forest ecosystems [1]. Although species migration
and adaptation can occur, the potential for tree species to migrate will be hampered by the
rapid rate of climate change [2,3]. To facilitate forest transition to future climate conditions,
managers can use adaptive silvicultural tools; for example, the assisted translocation of
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tree species and genotypes to areas with suitable future climate conditions (i.e., assisted
migration) [4–6]. In the Northern hemisphere, assisted migration usually means mov-
ing seedlings from southern to more northern locations, with managers aiming to match
genotypes and plantations sites using the climatic information at the source site, such
as temperature and mean precipitation e.g., [7]. Genotypes can also be selected for their
resistance to specific climate-related threats, such as drought [8]. However, climatic condi-
tions are not the only problems faced by translocated seedlings. Mammalian herbivores,
especially ungulates, are increasingly recognized as a major barrier to artificial and natural
tree regeneration [9,10], but they are rarely considered in current species or genotype
selection e.g., [7,11,12].

Ungulates have a negative effect on seedlings because they can reduce growth and
survival. During the growing season, ungulate herbivory reduces seedlings’ photosynthetic
capacity by removing aerial tissues [13]. In temperate and boreal forests, most ungulate
damage on woody plants occurs during winter, when shoots are one of the only forage
resources available. In these environments, winter browsing reduces the number of active
meristems, a valuable resource for woody plant growth [14,15]. Seedlings, however, can
tolerate a certain level of damage using compensatory growth, i.e., a positive growth
response to injury, and thus resume height growth [16,17]. Moreover, height gains will
eventually allow seedlings to escape browsing by being in a height stratum inaccessible to
ungulates [13]. Nevertheless, compensatory growth can be constrained by limiting factors,
such as nutrient and/or water availability [18,19]. For example, Barton and Shiels [20]
demonstrated that certain Hawaiian tree species were less tolerant of shoot clipping during
simulated drought than under ideal water conditions. The effects of water stress on
tolerance to browsing, however, are not always negative: the herb Alternanthera philoxeroides
expressed a higher tolerance of invertebrate damage under water stress, while also being
fertilized [21]. Few studies have evaluated the effect of climate change and, especially,
water availability on tolerance of browsing [20,22], yet water availability is expected to be
a critical factor affecting forests under climate change [23,24].

Both browsing and water availability can influence resource allocation in seedlings,
and resource allocation theories provide a common ground to understand their combined
effect on seedling establishment. Plants can allocate more biomass to the organ through
which the most limiting resource is acquired [25–27]. In this case, water-stressed seedlings
should favor root growth to maximize water acquisition, while browsed seedlings should
allocate more resources to height growth or to generation of phytochemical defenses.
For example, browsed seedlings of Quercus robur L. compensated for the loss of biomass
aboveground at the expense of belowground growth [28]. In the same experiment, however,
simulated drought reduced both above and belowground growth, suggesting that water
availability has a stronger effect on plant growth. Additionally, combined effects could
have an additive (i.e., equal to the sum of both effects) or non-additive (i.e., different than
the sum) effect on plant growth [20]. For Hawaiian tree seedlings, herbivory and drought
reduced performance in an additive manner, and seedlings performed better under a single
stressor [20]. Non-additive effects, however, were detected in two of the ten Hawaiian
species studied, and could especially occur via drought effects on seedlings’ allocation to
phytochemical defense [20,29,30]. Understanding the effects of combined stress-response
strategies of species and genotypes considered for assisted migration could allow managers
to make an optimal selection, considering these multiple limiting factors.

In the present study, we aimed to evaluate the individual and combined effects of both
simulated winter browsing and reduced water availability on the growth (biomass and
shoot:root ratio), survival, and chemical composition of planted seedlings in an assisted
migration context. First, we evaluated the individual effects of the two factors on three
geographic provenances of five species considered for assisted migration in Eastern North
America. These geographic provenances represented climate analogues, i.e., a location
where the current climate is similar to the anticipated climate of another location [31], here
the site of an assisted migration plantation. We did not know if geographic provenances



Forests 2021, 12, 1396 3 of 23

would differ in their tolerance to herbivores, but we hypothesized that continuous reduction
in water availability would have a more negative effect on growth and survival than a
single simulated browsing event (periodic disturbance). We thus predicted that seedlings
would allocate more resources to the plant part affected by reduced water availability, i.e.,
belowground biomass. Additionally, we evaluated whether the combination of limiting
factors would have an additive or non-additive effect on seedlings’ growth, survival and
chemical composition.

2. Materials and Methods

This project is part of a large-scale experiment, led by the Ministère des Forêts, de
la Faune et des Parcs (Government of Québec, Canada), with the objective of evaluat-
ing the potential use of assisted migration as an adaptative measure to climate change,
in the balsam fir (Abies balsamea (L.) Miller)-yellow birch (Betula alleghaniensis Britton)
bioclimatic domain of Québec [32]. The plantation site of the project is located in the
Réserve faunique de Portneuf (Québec, QC, Canada; approx. 47◦7′ N, 72◦ 24′ W), where
seedlings of eight species were planted during the fall of 2018. We selected five of the eight
species used in that assisted migration experiment for a greenhouse simulation experiment:
Acer saccharum Marsh. (sugar maple), Pinus strobus L. (white pine), Prunus serotina Ehrh.
(black cherry), Quercus rubra L. (northern red oak; hereafter red oak) and Thuja occidentalis L.
(northern white cedar; hereafter white cedar). Of the eight species present in the assisted
migration experiment, these five are potentially the most susceptible to large mammalian
herbivory (Alces alces, Odocoileus virginianus), as per historical browsing reports and their
chemical profiles [33]. Two species are not currently found in this bioclimatic domain (red
oak and black cherry), but the predicted future climate conditions (temperature increases
and changes in precipitation regime, including decreased mean total precipitation) should
become favorable for their presence [34]. The three other species are already present (white
cedar, sugar maple and white pine), although future conditions could become unfavorable
for white cedar at the end of the century, while remaining favorable for sugar maple and
white pine [34]. Seedlings were grown from seeds associated with three climate analogues
(Appendix A, Table A1). The climate analogues are geographical zones selected for their
climate, using mean annual temperature, mean annual precipitation and minimum temper-
ature in May. We used three different climate analogues: a region with a climate analogue
to the current plantation site climate (2018; hereafter 2018 analogue), a region with a climate
analogue to the climate predicted for mid-century (2041–2070; hereafter 2050 analogue)
and one analogous to the climate predicted for the end of the century (2071–2100; hereafter
2080 analogue). Predictions for climate analogues were based on the method developed by
Grenier et al. [31], using data from the 5th IPCC report (RCP 4.5 and 6.5) at 10 km × 10 km
scale. Seeds were sourced from locations (geographic provenance) within each climate
analogue zone, but seed collection was independent among species. These geographic
provenances are dispersed in a latitudinal gradient from 65◦ N to 72◦ N, from Pennsylvania
(USA) to the plantation site (map available in [33]). Because of the low availability of sugar
maple seedlings, we only used the current climate analogue in the simulation study. All
seedlings were planted and grown under the same conditions at the provincial government
nursery in Berthierville (QC, Canada).

The conifers (white pine and white cedar) were sown in the spring of 2017, while the
deciduous species (sugar maple, black cherry and red oak) were sown in the spring of 2018
at the nursery. During the experiment, all of the geographic provenances were kept under
the same conditions. The seedlings selected for the simulation study were not used for the
plantation and were kept in containers (320 cm3) until the beginning of the experiment. We
stored them in a cellar sheltered from the snow from November 2018 to February 2019. We
transferred seedlings to a greenhouse (approx. 12 ◦C) in February 2019 to break dormancy
and placed them in polyethylene pots (3 L) with a commercial substrate mix for tree and
shrubs, consisting of humus and peat moss (N = 0.45%, P = 0.1%, K = 0.1%) and adding a
fertilizer (N = 17%, P = 7%, K = 10%). Following bud burst, we transferred the seedlings to
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Université Laval’s greenhouse (Québec, QC, Canada) for simulation treatments. Seedlings
were subjected to an unexpected frost during the transfer, which damaged some buds and
early leaves. We monitored the frost damage and determined that it almost exclusively
affected the black cherry and white pine seedlings. For black cherry, 28% of the seedlings
had damage on the leaves that did not affect the buds, 54% had damage on both leaves
and buds, while the remaining seedlings had little to no frost damage. However, even the
most damaged seedlings presented new growth rapidly. For white pine, we evaluated frost
damage as the percentage of needles affected; most of seedlings (64%, n = 54) had less than
50% of their needles damaged by the frost.

2.1. Experimental Design and Simulation Treatments

We conducted the study at Université Laval in Québec (QC, Canada) from March to
July of 2019. We used a split-block design, where the main plot consisted of a reduction of
water availability treatment (control, moderate reduction, high reduction). We distributed
simulated browsing treatment (browsed and unbrowsed), species and geographic prove-
nance randomly within main plots (Figure 1). We replicated this design in five blocks
to control variability in the greenhouse. We used between 20 and 30 seedlings for each
provenance*species combination (n = 359, n = 4–5 per water stress*browsing treatment
combination). Because of the lower number of seedlings available for red oak and black
cherry (20–25 per analogue) compared to the other species, we only applied two levels of
water reduction (control, high reduction).

We applied the simulated browsing treatment while the plants were still in dormancy
in order to mimic natural winter browsing. We adapted the treatment for each species to
mimic white-tailed deer browsing (Figure 1a; [35]). For all, we cut the apical stem using a
pruner, removing the top 10 cm of the stem, with the objective of generating a diameter at
the point of browsing similar to those produced by deer browsing (Figure 1b). Because of
mild weather conditions, a few white pines had a second bud burst in the fall and cutting
the top 10 cm resulted in variable treatment intensity among individuals (Figure 1c–d). We
thus cut the complete previous year’s growth if the apical stem was longer than 10 cm. The
resulting diameters at the browsing point (mean ± SD mm: black cherry = 2.2 ± 0.3, red
oak = 2.5 ± 0.4, sugar maple = 2.7 ± 0.4, white pine = 4.6 ± 0.6, white cedar = 1.8 ± 0.2)
were similar to available references ([36]: sugar maple = 2.1 ± 0.6, red oak = 2.5 ± 0.7; [37]
min.–max.: sugar maple = 1.1–3.6, white cedar = 0.7–2.8), with the exception of white pine,
whose available reference diameter was smaller ([36]: 2.2 ± 0.9, max = 10.1). For white
cedar, the treatment removed a negligible amount of shoot biomass, and the seedlings
were very vigorous. To increase the intensity of treatment on white cedar, we cut the non-
lignified section of 50% of the lateral twigs. For all species, we measured the post-browsing
height and weighed the removed biomass.

When all of the seedlings reached the budding stage (i.e., first leaves spreading for
hardwoods and visible stem elongation for white pine), we began the water availability
reduction treatment (10 May 2019). We did not record budding on white cedar because
of the difficulty in assessing the onset of growth for this species. We determined water
reduction levels in accordance with pot capacity, which was established to be 1.27 L by
subtracting the mass of water-saturated soil samples from their dry mass (dried at 70 ◦C,
n = 5) [38,39]. The quantity of soil used to determine pot capacity was the same as the
quantity of soil used for planted seedlings, and the pots used were identical. We applied
an 80% of pot capacity (1 L) for the control treatment, 50% of pot capacity (0.5 L) for the
moderate reduction treatment, and 25% (0.3 L) for the high reduction treatment according
to [40,41]. We watered the seedlings every three days during the first three weeks, and the
pots were placed on a grating surface that allowed for drainage. Each three to four weeks
(n = 3), we measured the soil water content for every level of the treatment by sampling the
soil at the surface of the pots, using random seedling pots and calculating the water content
percentage ((wet mass − dry mass)/wet mass × 100; n = 5/treatment level/species). After
three weeks, the soil water content for seedlings under a high-water availability reduction



Forests 2021, 12, 1396 5 of 23

was still high after the three-day watering intervals (an average of 44 ± 8% soil water
content). We thus reduced the watering frequency to once every four days for the last
seven weeks of the experiment.
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Figure 1. Greenhouse experimental design and illustrations of the simulated browsing treatments. (a) Picture of the
greenhouse before distribution of seedlings in blocks and schematic illustration of the experimental design. Water reduction
treatment was applied on the main plots (control, moderate reduction, high reduction), while the simulated browsing
treatment, geographic provenance and species were distributed randomly within the main plots; (b) Browsing by white-
tailed deer (Odocoileus virginianus) on sugar maple (Acer saccharum) at the plantation site (Réserve faunique de Portneuf, QC,
Canada); (c) Simulated browsing on the apical shoot of white cedar (Thuja occidentalis); (d) Simulated browsing on white
pine (Pinus strobus); (e) Example of a white pine (red ellipse) that experienced a second bud burst in the fall preceding the
simulation experiment.

The greenhouse was maintained at a temperature and photoperiod that imitated
the averages observed during June in Québec (22 ◦C during the day and 10 ◦C during
nighttime). After ten weeks of growth (22 July 2019), we separated the aerial and root
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biomass of each plant. Black cherry seedlings were removed five weeks earlier from the
greenhouse (15 June 2019) due to their rapid growth. We removed the remaining soil from
roots with tap water. We dried each seedling’s above and belowground parts at 70 ◦C for
72 h and weighed their dry mass.

2.2. Chemical Analyses

We estimated the level of chemical defense in the seedlings by using the concentration
of total phenolics and flavonoids in the leaves (broadleaf species) and shoots (wood and
needles of conifer species). Total phenolics and flavonoids are proxies of plant resistance
to herbivores [42], but total phenolics cannot be used for comparison among species
because of the different compounds present in each species [43]. We also evaluated the
nitrogen concentration (hereafter N), a proxy of crude protein for herbivores, and thus
the nutritional value for mammalian herbivores [44]. All laboratory analyses were carried
out at the laboratory of the Direction de la recherche forestière (Ministère des Forêts, de
la Faune et des Parcs, Québec, Canada). For N concentration, the samples were put into
an oven (1100 ◦C) under an oxygen atmosphere, where all forms of N are oxidized to
NOx. After removing the moisture and ash, N concentration was determined by thermic
conductivity with a nitrogen analyzer (LECO nitrogen analyzer TruMac N, St. Joseph, MI,
USA). Total phenolics were quantified by a colorimetric method with a gallic acid standard
using the Folin-Ciocalteu reagent, as described in Sauvesty, et al. [45], and using a UV/VIS
spectrometer (PerkinElmer Lambda 35, Waltham, MA, USA). Finally, flavonoids were
quantified with an adaptation of the colorimetric method of Pękal and Pyrzynska [46] with
a quercetin standard, using aluminum complexation reaction and the same spectrometer.
The limits of quantification for each analysis were respectively 0.1 g/kg for N, 2 mg/g for
total phenolics, and 0.2 mg/g for flavonoids.

2.3. Statistical Analyses

We evaluated the effect of water availability reduction on water soil content using one
linear mixed model per species, with blocks as a random effect, using the last measurement
of soil water content. Seedling survival was analyzed only for white pine and black cherry,
since mortality for the other species was very low or null (two red oaks, no mortality for
white cedar and sugar maple). Black cherry mortality occurred mainly before the water
availability reduction treatment was implemented; therefore, only the simulated browsing
treatment’s effect was analyzed in terms of the impact on survival. Due to low mortality,
we analyzed survival with a contingency chi-square test.

For each species, we examined the effects of the treatments on five response variables
(total biomass, shoot:root ratio, N, phenolic compounds and flavonoid concentration) using
a complete factorial ANOVA design with linear mixed models (lmerTest::lmer() function,
“lmerTest” package) [47]. We did not compare the species within a model, because the
intensity of the treatments varied among species. Each model included two treatments
(simulated browsing and water reduction), geographic provenance and the interactions
among these variables as explanatory variables. We also included a random effect of blocks
in the models, nested within the water availability reduction treatment, to account for the
split-block design (random effect: 1 | Block/Water availability treatment). In the rare cases
when there were two seedlings per treatment*block combination, we averaged the data. To
account for differences among the initial mass of seedlings, we included the height at the
beginning of the experiment (hereafter initial height) and its interactions as a covariate in
models with total mass and shoot:root ratio. When interactions with the initial height were
not statistically significant, we removed them from the model; next, when the effect of the
initial height was not statistically significant, we completely removed it from the model.
We assessed the statistical significance of explanatory variables with a type-III ANOVA
using the Satterthwaite’s method. We conducted a posteriori means comparison using the
least square means method (ls_means() function, “lsmeans” package) [48] with a Tukey
correction in order to differentiate significant means among treatments with more than two
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levels. We assessed the normality of residuals and homogeneity of variance assumptions
and applied transformations when required (logarithm for the shoot:root ratio and the
N concentration of red oak). We estimated compensatory growth using the following
equation [16,17]:

[(x mass o f browsed seedlings + x removed mass)− x mass o f unbrowsed seedlings]× 100
x mass o f unbrowsed seedlings

(1)

A positive value indicates overcompensation while a negative value means under-
compensation. We used the means of browsed and unbrowsed seedlings, regardless of
the water availability treatment, unless this treatment had a significant effect on mass. In
this latter case, we calculated compensatory growth separately for each water availability
reduction level.

The results are presented as means estimated by models with a 95% confidence interval
and we present back-transformed values when response variables were transformed. We
performed all statistical analyses using R (3.6.1) [49] with an error level of α = 0.05.

3. Results

With the simulated browsing treatment (clipping of wood for broadleaves, wood
and needles for conifers), we removed an average of 0.17 ± 0.07 g (means ± SD) from
black cherry, 0.3 ± 0.1 g from red oak, 0.29 ± 0.07 g from sugar maple, 4 ± 1 g from white
pine and 2.1 ± 0.7 g from white cedar (dry biomass). Soil water content was gradually
reduced by the water availability reduction treatment (Appendix A, Figure A1). After we
reduced watering frequency (13 weeks after the beginning of the experiment), the soil of
the seedlings at the high reduction level was drier (means ± SD: 28 ± 16% of pot capacity)
than the soil of the seedlings at the moderate reduction level (46 ± 19% of pot capacity)
and the seedlings without water reduction (56 ± 10% of pot capacity). However, the
treatment intensity varied among species (statistically significant for all except white pine;
Table 1), and soil water content was more variable in the moderate and high reduction
levels (Table 1).

Table 1. Soil water content (mean ± sd % of pot capacity) under two or three water reduction levels (control, moderate
reduction and high reduction) of black cherry (Prunus serotina Ehrh.), northern red oak (Quercus rubra L.), sugar maple
(Acer saccharum Marsh.), white pine (Pinus strobus L.) and northern white cedar (Thuja occidentalis L.) seedlings at the end of
a ten week greenhouse experiment (n = 5/water availability treatment/species). We measured the soil water content by
sampling soil from random seedling pots and calculating percentage ((wet mass − dry mass)/wet mass × 100). We used
one linear mixed model per species (blocks as random effect) to evaluate differences among treatment levels at the end of
the experiment, using least-means differences for fixed effects when there was three level of treatment. Letters indicate
statistically significant differences within a species (α = 0.05).

Water Availability
Treatment Soil Water Content (% ± SD)

Black Cherry 1 RED OAK Sugar Maple White Pine White Cedar

Control 58 ± 6 a 59 ± 7 a 61 ± 3 a 61 ± 3 39 ± 13 ab

Moderate
reduction - - 38 ± 22 b 50 ± 20 42 ± 19 a

High reduction 19 ± 4 b 23 ± 12 b 20 ± 9 b 38 ± 13 22 ± 7 b

1 Black cherry seedlings were removed from the experiment after three weeks, these means are the last recorded value for this species,
before a watering frequency reduction for the last seven weeks of experiment.

We did not observe significant mortality for red oak, sugar maple and white cedar
seedlings (two for red oak, none for the other species). Black cherry mortality observed
prior to water availability treatment was not linked to simulated browsing (χ2 = 0.08;
P = 0.78; df = 1; n = 83) and could be linked to the accidental frost event (see methods
section). White pine mortality, however, increased with the simulated browsing treatment
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(χ2 = 16.4; P < 0.001; df = 1; n = 88). We observed a 36% mortality rate for browsed white
pine compared to 2% for unbrowsed seedlings.

3.1. Black Cherry

The total mass of black cherry seedlings decreased with water reduction intensity for
unbrowsed seedlings, but not for browsed seedlings, which already had a slightly lower
biomass (significant water availability, browsing and height interaction: F1,36 = 5.0, p = 0.032;
Appendix A, Table A2, Figure 2a). Browsed seedlings compensated for the loss of biomass,
as the total mass of browsed and unbrowsed seedlings at the end of the experiment was not
significantly different (Figure 2a). At high water availability reduction, more biomass was
allocated to shoots than roots (F1,48 = 24.9, p < 0.001; shoot:root ratio: control = 2.4 ± 0.3;
high reduction = 3.2 ± 0.3; Table A2). In conjunction with their reduced size, seedlings
with reduced water availability had higher foliar N concentration than control seedlings
(F1,4 = 32.1, p = 0.005; control =18 ± 4 g/kg, high reduction = 25 ± 4 g/kg). The 2080
analogues also invested more in shoots than both the 2018 and 2050 analogues (geographic
provenance effect: F2,48 = 19.6, p < 0.001; shoot:root ratio: 2018 = 2.3 ± 0.3; 2050 = 2.6 ± 0.3;
2080 = 3.4 ± 0.3; t40 = 6.1, P < 0.001 for 2018 vs. 2080; t40 = 4.4, P < 0.001 for 2050 vs. 2080).
There was no statistically significant effect of water availability or simulated browsing on to-
tal phenolics concentration, although the interaction between these treatments approached
the significance threshold (F1,40 = 4.0, p = 0.053; control/unbrowsed: 56 ± 10 mg/g of
tannic acid equivalents, control/browsed: 44 ± 10 mg/g, high reduction/unbrowsed:
38 ± 10 mg/g, high reduction/browsed: 40 ± 10 mg/g).
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decreased with water availability reduction, while the other analogues did not present 
statistically significant changes (Appendix A, Figure A3). The 2050 analogue invested 
more in shoots than the 2018 analogue (geographic provenances effect: F2,44 = 3.2, p = 0.049; 
shoot:root ratio 2018 = 0.9 ± 0.2; 2050 = 1.2 ± 0.2;), but not more than the 2080 analogue 
(shoot:root ratio 2018 = 1.0 ± 0.2). Water availability modified the foliar nitrogen concen-
tration of all climate analogues, but only when in interaction with simulated browsing 
(F1,40 = 5.1, p = 0.029); the treatments had no effect on chemical defense (Appendix A, Table 
A3). Foliar nitrogen concentration increased with water reduction for browsed red oak 
(control: 13 ± 1 g/kg; high reduction: 16 ± 2 g/kg), but not for unbrowsed red oak (control: 
15 ± 2 g/kg; high reduction: 15 ± 2 g/kg). Browsed red oak compensated for biomass loss 
by achieving a similar mass to the unbrowsed seedlings (43 ± 9 g for unbrowsed seedlings 
and 42 ± 9 g for browsed ones; Figure 2b). 

3.3. Sugar Maple 

Figure 2. Differential effect of simulated winter browsing and reduced water availability on total
mass of five seedling’s species from a greenhouse experiment. Dry mass (x ± 95%CI of model
estimates) of (a) black cherry (Prunus serotina Ehrh.); (b) northern red oak (Quercus rubra L.); (c) sugar
maple (Acer saccharum Marsh.); (d) white pine (Pinus strobus L.); (e) white cedar (Thuja occidentalis L.).
We measured the dry mass after ten weeks of growth under two or three levels of water availability
reduction (control: 80% of pot capacity; moderate reduction: 50%; high reduction: 25%). We used
a linear mixed model with a random effect of blocks (n = 5) to evaluate the effect of treatments on
mass. To account for differences between the initial mass of seedlings, height at the beginning of the
experiment and its interactions were included as a covariate in the model. Different letters indicate
a posteriori least square mean differences performed on either simulated browsing or water stress
treatment or both (α = 0.05). Violin shapes represent the distribution of the data.

Simulated browsing influenced foliar flavonoid concentration, but differently among
geographic provenance (F2,40 = 5.0, p = 0.012; Appendix A, Table A2). The a posteriori test,
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however, did not present statistically significant effects of simulated browsing within or
among geographic provenances, potentially because of the high variability in flavonoid
concentration (Appendix A, Figure A2).

3.2. Red Oak

The biomass of red oak was influenced by water availability, but the effects differed
among geographic provenances (significant water availability and climate analogue inter-
action: F2,39 = 5.2, p = 0.010; Appendix A, Table A3, Figure 2b). The 2050 analogue biomass
decreased with water availability reduction, while the other analogues did not present
statistically significant changes (Appendix A, Figure A3). The 2050 analogue invested more
in shoots than the 2018 analogue (geographic provenances effect: F2,44 = 3.2, p = 0.049;
shoot:root ratio 2018 = 0.9 ± 0.2; 2050 = 1.2 ± 0.2;), but not more than the 2080 analogue
(shoot:root ratio 2018 = 1.0 ± 0.2). Water availability modified the foliar nitrogen concen-
tration of all climate analogues, but only when in interaction with simulated browsing
(F1,40 = 5.1, p = 0.029); the treatments had no effect on chemical defense (Appendix A,
Table A3). Foliar nitrogen concentration increased with water reduction for browsed red
oak (control: 13 ± 1 g/kg; high reduction: 16 ± 2 g/kg), but not for unbrowsed red oak
(control: 15 ± 2 g/kg; high reduction: 15 ± 2 g/kg). Browsed red oak compensated
for biomass loss by achieving a similar mass to the unbrowsed seedlings (43 ± 9 g for
unbrowsed seedlings and 42 ± 9 g for browsed ones; Figure 2b).

3.3. Sugar Maple

The interaction between water availability and simulated browsing modified sugar
maple biomass at the end of the experiment (F2,20 = 7.5, p = 0.004; Appendix A, Table A4).
Browsed seedlings presented the highest biomass in moderate water reduction conditions,
suggesting overcompensation in response to the simulated browsing treatment (Figure
2c; compensatory growth of 108.6% under moderate reduction). We did not observe any
effects of the simulated browsing treatment on the biomass of well-watered seedlings and
those under high reduction. Both treatments had no effect on biomass allocation (shoot:root
ratio; Appendix A, Table A4), nor on chemical composition (foliar N concentration, total
phenolics and flavonoids; Appendix A, Table A4), although the seedlings under high
water availability reduction presented a slightly higher flavonoid concentration, which
was not statistically significant (F2,20 = 3.3, p = 0.059; control: 3.8 ± 0.8 mg/g of quercetin
equivalents; moderate reduction: 3.6 ± 0.8 mg/g; high reduction: 4.7 ± 0.8 mg/g).

3.4. White Pine

The simulated browsing treatment decreased white pine biomass and modified their
chemical composition (Appendix A, Table A5). Browsed white pine, did not compensate
for the lost biomass (F1,48 = 87.1, p < 0.001; dry weights: 32 ± 3 g for unbrowsed seedlings
and 13 ± 4 g for browsed ones; Figure 2d; undercompensation of − 46.6%), but maintained
a similar biomass allocation (shoot:root ratio). The smaller browsed white pine had a
higher N concentration in shoots than the unbrowsed white pine (F1,47 = 28.5, p < 0.0001;
18 ± 1 g/kg vs. 14 ± 1 g/kg), and a lower concentration in total phenolics (F1,51 = 33.1,
p < 0.0001, 17 ± 2 mg/g vs. 23 ± 2 mg/g of tannic acid equivalents). Browsed pines,
however, had a higher concentration in flavonoids (F1,48 = 17.0, p = 0.0001, 2.7 ± 0.2 mg/g
vs. 2.0 ± 0.3 mg/g of quercetin equivalents). Shoot N concentration, but not chemical
defense, also varied among geographic provenances (F2,45 = 13.9, p < 0.0001), as 2018
analogues were characterized by a higher N concentration (18 ± 1 g/kg) than other
analogues (2050: 15 ± 1 g/kg; 2080: 15 ± 1 g/kg).

3.5. White Cedar

We observed statistically significant effects of both water availability and simulated
browsing treatments on white cedar growth and chemical composition (Appendix A,
Table A6). White cedar biomass decreased with water availability reduction for unbrowsed
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seedlings, but not for browsed seedlings, which already had a lower biomass (F2,45 = 3.4,
p = 0.040; Figure 2e). Browsed white cedar at all water availability levels did not compensate
fully for the lost biomass (compensatory growth of − 35.3% without water reduction). The
interaction between water availability and simulated browsing also influenced biomass
allocation, but this occurred differently among the geographic provenances and mostly
with small effect sizes (F4,57 = 2.6, p = 0.049). The most meaningful effect is for the 2018
analogues: simulated browsing tended to increase allocation to roots under high water
reduction (4.9± 1.0 for unbrowsed seedlings and 3.05± 0.9 for browsed ones; Appendix A,
Figure A4). Geographic provenances also presented differences in shoot N concentration.
N concentration was higher in shoots of the 2080 analogue (14 ± 1 g/kg) than in both the
2018 and 2050 analogues (F2,55 = 4.5, p = 0.015, both 13 ± 1 g/kg).

Experimental treatments and geographic provenance also influenced white cedar
chemical defense (Appendix A, Table A6). High water reduction increased total phenolic
concentration of shoots (F2,8 = 5.0, p = 0.039; 36 ± 3 mg/g of tannic acid equivalents)
compared to the moderate reduction level (31 ± 4 mg/g). The total phenolic concentration
of seedling shoots without water reduction (34 ± 4 mg/g), however, was not different than
those undergoing moderate and high-water reductions. Total phenolic concentration also
varied with geographic provenance (F2,56 = 16.6, p < 0.0001; 2018 analogue: 39 ± 3 mg/g
of tannic acid equivalents; 2050 analogue: 33 ± 3 mg/g; 2080 analogue: 30 ± 3 mg/g).
Finally, an interaction between simulated browsing and geographic provenance influenced
flavonoid concentrations, but differences among the means were negligible (F2,52 = 3.2,
p = 0.047; Figure A5)

4. Discussion

We used a greenhouse experiment to evaluate how winter browsing and water avail-
ability reduction interacted to influence the growth (biomass, shoot:root ratio), survival and
chemical composition of five North American tree species in three geographic provenances.
Most differences among the geographic provenances were negligible, suggesting that
different seed sources could have similar levels of tolerance to water stress and browsing.
This result should be considered with care because local adaptation to water stress and
herbivory pressure is possible, although this is more often documented for resistance to
herbivore abilities [50–52]. Differences could be more apparent during a later develop-
mental stage; phytochemical defenses, for example, change during the juvenile stage but
also during the transition from seedlings to saplings, and patterns of change vary among
phytochemical groups [53]. We also compared a limited number of seed sources on a
relatively small latitudinal gradient from 65◦ N to 72◦ N, and from only one geographic
provenance for each climate analogue. Still, we did observe some small differences among
geographic provenances for all species with more than one provenance, which could in-
fluence long-term tolerance and resistance to browsing and water stress. For example,
the 2050 climate analogue of red oak appeared to be more sensitive to water availability
reduction than the other two analogues (Appendix A, Figure A3). These results highlight
the importance of considering the traits of source populations in the context of assisted
migration, rather than only considering climate variables at the source site.

In addition, in contradiction to our hypothesis, water reduction (continuous stress) did
not have a systematically stronger effect than simulated browsing (periodic disturbance)
on seedlings. The treatment with the strongest negative effect was species-specific and
two species reacted only to one treatment: water reduction for red oak and simulated
browsing for white pine. Moreover, reducing water availability did not affect the capacity
to tolerate simulated browsing for red oak, white pine, black cherry and white cedar. This
is consistent with the ability of these species to grow in a range of soil water conditions
and to tolerate drought [54–59]. Repeated or more drastic water stress, however, could
overcome the ability of these species to recover, and have a negative effect on their browsing
tolerance ability. In the case of white pine, the absence of response to water reduction
could also indicate that we failed to simulate an abiotic stress in this species. For sugar
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maple, a moderate water reduction improved the ability to tolerate browsing (Figure 2c),
and suggests that a moderate water availability reduction produced optimal conditions for
compensatory growth. This species usually performs best on well-drained loams [60], but
we should interpret this result with care, as the water content in pots at moderate water
reduction was more variable than in other levels of the treatment (Table 1).

In contrast to other experiments simulating both water availability and herbivory, we
observed non-additive effects (i.e., effects different than the addition of the two treatments)
on three species (black cherry, sugar maple and white cedar) [20,28]. Barton and Shiels [20]
proposed that non-additive negative effects of water stress on tolerance could be linked
to an increased allocation to phytochemical defense, but we found little change in leaf or
shoot phenolic concentration in response to either or both treatments [20,61]. Moreover,
we did not record significant changes in root:shoot ratio that could explain non-additive
responses, or that could be understood via a higher investment to the system (shoot or
root) acquiring most limiting resource (light or water). Although many studies show
that some woody plants allocate more resources to the acquisition of the most limiting
resource and increase investment to belowground biomass under water stress, the force
and direction of biomass allocation responses vary widely among species [62,63]. Different
species use a wide range of strategies to cope with water availability reduction and drought,
which could prevent an optimal partitioning pattern to occur or to be detected (e.g., root
length changes) [63]. The absence of changes in ratios could also be caused by the pot
size that became constraining for seedlings at the end of the experiment (E. Champagne,
pers. observation). Moreover, aside from pot size, the absence of changes in root:shoot
ratios and chemical defense could also be an artefact of other experimental constraints.
Our experiment was shorter than comparable studies [20,28], and our water reduction
treatment did not generate extreme conditions (Table 1; Appendix A, Figure A1). For
black cherry seedlings, the lack of space for additional root growth, combined with an
accidental frost event during seedling transfer, could have increased the growth allocation
to aboveground biomass, even under reduced water availability. Notwithstanding these
constraints, this experiment contributes to establishing the range of woody plant response
to combined stressors.

This greenhouse experiment suggests that among the set of species considered here
for assisted migration, red oak and sugar maple could be good candidates in areas with
moderate browsing pressure, because they can tolerate periodic browsing events, even
when water availability is reduced. More information is required to understand their
long-term tolerance to repeated browsing events and to harsher and more frequent water
stress. On the other hand, our results suggest that white pine, white cedar and black
cherry could be more affected by these factors. The lower tolerance of black cherry to
the treatments, compared to the other broadleaves, could be linked to the unplanned
frost event, and this suggests that this species is sensitive to the combination of multiple
stressors and disturbances in its first growing season. The response of black cherry to stress,
however, could be different in the field, as this species performs well on a wide range of
soil drainage [57]. Higher compensatory growth in broadleaves vs. coniferous species
is well documented and could be caused by the less determined growth patterns in the
former [64,65]. Similarly, a moderate simulated browsing stimulated biomass production
of Betula pubescens and B. pendula, while it had a negative effect on Pinus sylvestris [65], but
see [66]. Pine and cedar, however, varied in their tolerance to browsing; we documented
browse-related mortality only for white pine. The reduced survival of pines could be
explained by the higher intensity of the simulated browsing treatment (higher quantity
of biomass removed, see results section). Although white pine may be able to tolerate
a less intense browsing event, this species is often browsed by white-tailed deer [33].
Consequently, this species could take a long time to recover from browsing, thereby
remaining within mammal reach for a longer time. As for white cedar, although its survival
was not affected by the treatments, it is a slow growing species [67], which probably
prevented a quick compensation of biomass losses. It is possible that browsed white cedar
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seedlings will always lag behind unbrowsed ones. This could lead to reduced survival and,
thereby, recruitment of this species, and could explain the strong decline in this species
linked to white-tailed deer browsing [68,69]. Although water stress slightly enhanced the
phytochemical defense, this response will probably not be sufficient to reduce browsing
on this species, which is highly selected by deer. Monitoring of browsing in a natural
environment will allow us to evaluate if the responses observed here are possible under
field conditions.

Assisted migration is a new silvicultural tool, and current recommendations to favor
its success include matching the conditions at the source site to the conditions expected in
the future at the plantation site [70]. Because large herbivores could have strong impacts
on the initial survival and growth of translocated seedlings, investigation of the potential
of geographic provenance and species should incorporate the tolerance to these herbivores
under variable abiotic conditions. This experiment highlights the importance of species-
specific growth and allocation responses on browsing tolerance and stress response, which
should be considered by managers for planning climate-adapted strategies, such as assisted
migration.
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Table A1. Seed sources for climates analogues, including approximative coordinates and provider.

Species Climate Analogue Approximative Coordinates Province/State Provider

Black cherry
2018 47, −71 Québec Centre de semences forestières de Berthier
2050 45, −71 Québec Centre de semences forestières de Berthier
2080 42, −80 Pennsylvania Ernst’s Conservation Seeds Inc

Red oak
2018 47, −71 Québec Harvested for this project (H. Tremblay)
2050 45, −73 Québec Harvested for this project (J.-L. Landreville)
2080 42, −79 Pennsylvania Harvested for this project (A. A. Royo, USDA Forest service)

Sugar maple
2018 47, −71 Québec Centre de semences forestières de Berthier
2050 45, −71 Québec Centre de semences forestières de Berthier
2080 41, −79 Pennsylvania Harvested for this project (F.W. Schumacher)

White pine
2018 47 −73 Québec Centre National de Semences du Canada
2050 45 −72 Québec Centre National de Semences du Canada
2080 44 −75 New York New York State Nursery (Saratoga)

White cedar
2018 46, −71 Québec Centre de semences forestières de Berthier
2050 46, −70 Québec Centre de semences forestières de Berthier
2080 46, −66 Nova Scotia Centre National de Semences du Canada

Table A2. ANOVA summary table for evaluating the effects of simulated winter browsing, water availability, seedling climate analogue (2018, 2050, 2080 analogues) and their interaction
on black cherry (Prunus serotina Ehrh.) total mass, shoot:root ratio and chemical composition (nitrogen, total phenolics and flavonoids concentration). Seedlings were grown under different
levels of water availability during a ten week greenhouse experiment.

Sources of Variation Total Mass Shoot:Root Ratio Nitrogen Total Phenolics Flavonoids

df F P df F P df F P df F P df F P

Water availability 1,36 6.7 0.014 1,48 24.9 <0.001 1,4 32.1 0.005 1,4 7.5 0.052 1,4 0.0 0.87
Browsing 1,36 0.1 0.79 1,48 0.1 0.82 1,40 0.3 0.60 1,40 2.1 0.16 1,40 2.3 0.14

Climate analogue 2,36 1.0 0.37 2,48 19.6 <0.001 2,40 0.2 0.85 2,40 1.0 0.36 2,40 2.1 0.14
Height (covariate) 1,36 5.8 0.022 - - - - - - - - - - -

Water availability×Browsing 1,36 3.3 0.078 1,48 0.4 0.53 1,40 0.1 0.74 1,40 4.0 0.053 1,40 0.0 0.89
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Table A2. Cont.

Sources of Variation Total Mass Shoot:Root Ratio Nitrogen Total Phenolics Flavonoids

df F P df F P df F P df F P df F P

Water availability×Climate analogue 2,36 0.3 0.74 2,48 0.6 0.57 2,40 1.2 0.30 2,40 0.3 0.72 2,40 0.1 0.92
Browsing×Climate analogue 2,36 2.5 0.10 2,48 0.3 0.71 2,40 2.1 0.13 2,40 3.2 0.054 2,40 5.0 0.012

Water availability×Height 1,36 2.5 0.13 - - - - - - - - - - - -
Browsing×Height 1,36 0.6 0.46 - - - - - - - - - - - -

Climate analogue×Height 2,36 0.6 0.53 - - - - - - - - - - - -
Water availability×Browsing×Climate analogue 2,36 3.1 0.057 2,48 2.3 0.11 2,40 0.1 0.92 2,40 0.1 0.90 2,40 1.6 0.22

Water availability×Browsing×Height 1,36 5.0 0.032 - - - - - - - - - - - -
Water availability×Climate analogue×Height 2,36 0.6 0.55 - - - - - - - - - - - -

Browsing×Climate analogue×Height 2,36 1.9 0.16 - - - - - - - - - - - -
Water availability×Browsing×Climate

analogue×Height 2,36 2.9 0.066 - - - - - - - - - - - -

A linear mixed model was performed with a random effect of blocks (n = 5), nested within the water availability treatment (split-block design). To account for differences between the initial mass of seedlings, we
included height at the beginning of the experiment and its interactions as a covariate in models with total mass and shoot:root ratio. When interactions with initial height were not statistically significant, we
removed them from the model. When neither initial height nor interactions with it were statistically significant, we removed the covariate from the model. Numbers in bold are statistically significant (α = 0.05).
F = F value, P = p value, df = degrees of freedom reported as numerator, denominator.

Table A3. ANOVA summary table for evaluating the effects of simulated winter browsing, water availability, seedling climate analogue (2018, 2050, 2080 analogues) and their interaction
on northern red oak (Quercus rubra L.) total mass, shoot:root ratio and chemical composition (nitrogen, total phenolics and flavonoids concentration). Seedlings were grown under different
levels of water availability during a ten week greenhouse experiment.

Sources of Variation Total Mass Shoot:Root Ratio Nitrogen Total Phenolics Flavonoids

df F P df F P df F P df F P df F P

Water availability 1,4 5.6 0.077 1,44 3.4 0.072 1,8 3.8 0.086 1,44 0.0 0.95 1,4 1.3 0.31
Browsing 1,39 0.0 0.87 1,44 1.3 0.27 1,40 0.0 1.0 1,44 0.1 0.72 1,40 0.0 0.95

Climate analogue 2,39 1.1 0.35 2,44 3.2 0.049 2,40 1.2 0.31 2,44 0.7 0.53 2,40 1.2 0.30
Height (covariate) 1,46 31.0 <0.001 - - - - - - - - - - - -

Water availability×Browsing 1,39 0.8 0.37 1,44 1.9 0.17 1,40 5.1 0.029 1,44 3.0 0.090 1,40 1.7 0.21
Water availability×Climate analogue 2,39 5.2 0.010 2,44 0.7 0.48 2,40 1.5 0.24 2,44 0.8 0.45 2,40 0.1 0.87

Browsing×Climate analogue 2,39 1.0 0.39 2,44 0.8 0.44 2,40 0.1 0.91 2,44 1.1 0.34 2,40 1.4 0.25
Water availability×Browsing×Climate analogue 2,39 1.5 0.24 2,44 0.7 0.50 2,40 0.8 0.45 2,44 0.2 0.98 2,40 1.8 0.18

A linear mixed model was performed with a random effect of blocks (n = 5), nested within the water availability treatment (split-block design). To account for differences between the initial mass of seedlings, we
included height at the beginning of the experiment and its interactions as a covariate in models with total mass and shoot:root ratio. As interactions with initial height were not statistically significant, they were
removed from the models. As neither initial height nor interactions with it were statistically significant for the shoot:root ratio, the covariate was entirely removed from the model. A logarithm transformation
was performed on the shoot:root ratio and the nitrogen concentration. Numbers in bold are statistically significant (α = 0.05). F = F value, P = p value, df = degrees of freedom reported as numerator, denominator.
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Table A4. ANOVA summary table for evaluating the effects of simulated winter browsing, water availability and their interaction on sugar maple (Acer saccharum Marsh.) total mass,
shoot:root ratio and chemical composition (nitrogen, total phenolics and flavonoids concentration). Seedlings were grown under different levels of water availability during a ten week
greenhouse experiment.

Sources of Variation Total Mass Shoot:Root Ratio Nitrogen Total Phenolics Flavonoids

df F P df F P df F P df F P df F P

Water availability 2,20 0.0 0.96 2,24 0.6 0.58 2,20 2.0 0.16 2,8 2.0 0.20 2,20 3.3 0.059
Browsing 1,20 1.5 0.23 1,24 0.8 0.37 1,20 2.6 0.12 1,12 0.3 0.62 1,20 0.5 0.47

Water availability×Browsing 2,20 7.5 0.004 2,24 1.2 0.32 2,20 0.4 0.65 2,12 0.1 0.95 2,20 0.8 0.46

A linear mixed model was performed with a random effect of blocks (n = 5), nested within the water availability treatment (split-block design). To account for differences between the initial mass of seedlings, we
included height at the beginning of the experiment and its interactions as a covariate in models with total mass and shoot:root ratio. As neither initial height nor interactions with it were statistically significant in
the models, the covariate was entirely removed. Numbers in bold are statistically significant (α = 0.05). F = F value, P = p value, df = degrees of freedom reported as numerator, denominator.

Table A5. ANOVA summary table for evaluating the effects of simulated winter browsing, water availability, seedling climate analogue (2018, 2050, 2080 analogues) and their interaction
on white pine (Pinus strobus L.) total mass, shoot:root ratio and chemical composition (nitrogen, total phenolics and flavonoids concentration). Seedlings were grown under different levels
of water availability during a ten week greenhouse experiment.

Sources of Variation Total Mass Shoot:Root Ratio Nitrogen Total phenolics Flavonoids

df F P df F P df F P df F P df F P

Water availability 2,11 0.7 0.51 2,7 0.9 0.44 2,12 1.8 0.21 2,51 1.2 0.30 2,13 0.1 0.88
Browsing 1,48 87.1 <0.001 1,47 2.8 0.10 1,47 28.5 <0.0001 1,51 33.1 <0.0001 1,48 17.0 0.0001

Climate analogue 2,47 0.2 0.83 2,44 0.3 0.76 2,45 13.9 <0.0001 2,51 2.2 0.12 2,46 0.8 0.46
Height (covariate) 1,52 6.0 0.018 - - - - - - - - - - - -

Water availability×Browsing 2,47 0.4 0.65 2,47 1.6 0.21 2,47 2.3 0.11 2,51 1.1 0.35 2,48 0.5 0.63
Water availability×Climate analogue 4,46 0.2 0.95 4,44 0.5 0.71 4,44 0.5 0.77 4,50 1.1 0.39 4,46 1.2 0.33

Browsing×Climate analogue 2,45 0.1 0.93 2,43 0.5 0.63 2,44 0.9 0.43 2,50 2.2 0.12 2,45 2.3 0.11
Water availability×Browsing×Climate analogue 4,44 0.3 0.87 4,43 1.3 0.28 4,44 1.4 0.25 4,49 1.5 0.21 4,45 0.5 0.74

A linear mixed model was performed with a random effect of blocks (n = 5), nested within the water availability treatment (split-block design). To account for differences between the initial mass of seedlings, we
included height at the beginning of the experiment and its interactions as a covariate in models with total mass and shoot:root ratio. As interactions with initial height were not statistically significant, they were
removed from the models. As neither initial height nor interactions with it were statistically significant for the shoot:root ratio, the covariate was entirely removed from the model. A logarithm transformation
was performed on the shoot:root ratio. Numbers in bold are statistically significant (α = 0.05). F = F value, P = p value, df = degrees of freedom reported as numerator, denominator.
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Table A6. ANOVA summary table for evaluating the effects of simulated winter browsing, water availability, seedling climate analogue (2018, 2050, 2080 analogues) and their interaction
on northern white cedar (Thuja occidentalis L.) total mass, shoot:root ratio and chemical composition (nitrogen, total phenolics and flavonoids concentration). Seedlings were grown under
different levels of water availability during a ten week greenhouse experiment.

Sources of Variation Total Mass Shoot:Root Ratio Nitrogen Total Phenolics Flavonoids

df F P df F P df F P df F P df F P

Water availability 2,47 1.4 0.24 2,9 3.8 0.064 2,8 3.2 0.098 2,8 5.0 0.039 2,62 0.2 0.82
Browsing 1,45 2.6 0.11 1,57 0.2 0.63 1,55 2.5 0.12 1,56 0.6 0.43 1,62 0.5 0.48

Climate analogue 2,45 0.8 0.47 2,57 0.4 0.68 2,55 4.5 0.015 2,56 16.6 <0.0001 2,62 0.7 0.50
Height (covariate) 1,47 21.3 <0.001 - - - - - - - - - - - -

Water availability×Browsing 2,45 3.4 0.040 2,57 2.1 0.13 2,55 0.2 0.83 2,56 1.3 0.28 2,62 2.3 0.11
Water availability×Climate analogue 4,46 0.2 0.94 4,57 0.0 1.00 4,55 0.7 0.62 4,56 1.0 0.42 4,62 1.3 0.28

Browsing×Climate analogue 2,47 0.6 0.55 2,57 0.7 0.52 2,54 0.1 0.92 2,55 1.0 0.38 2,62 3.2 0.047
Water availability×Height 2,47 2.4 0.099 - - - - - - - - - - - -

Browsing×Height 1,45 1.7 0.21 - - - - - - - - - - - -
Climate analogue×Height 2,45 1.4 0.27 - - - - - - - - - - - -

Water availability×Browsing×Climate analogue 4,48 0.4 0.85 4,57 2.6 0.049 4,55 2.4 0.057 4,56 1.2 0.33 4,62 0.7 0.57
Water availability×Browsing×Height 2,45 3.2 0.048 - - - - - - - - - - - -

Water availability×Climate analogue×Height 4,46 0.2 0.94 - - - - - - - - - - - -
Browsing×Climate analogue×Height 2,47 1.0 0.39 - - - - - - - - - - - -

Water availability×Browsing×Climate
analogue×Height 4,48 0.3 0.87 - - - - - - - - - - - -

A linear mixed model was performed with a random effect of blocks (n = 5), nested within the water availability treatment (split-block design). To account for differences between the initial mass of seedlings, we
included height at the beginning of the experiment and its interactions as a covariate in models with total mass and shoot:root ratio. Numbers in bold are statistically significant (α = 0.05). F = F value, P = p value,
df = degrees of freedom reported as numerator, denominator.
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mass − dry mass)/wet mass × 100) (n = 25/water availability treatment). Water availability treatments began on May 10. 
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(6 June 2019) due to high water content in the high reduction treatment. 

Figure A1. Soil water content during ten weeks of growth under three levels of water availability from
a greenhouse experiment. Soil water content was measured for every water availability treatment
(control: 80% of pot capacity; moderate reduction: 50%; high reduction: 25%) by sampling soil from
random seedling pots and calculating percentage ((wet mass − dry mass)/wet mass × 100) (n =
25/water availability treatment). Water availability treatments began on May 10. Watering frequency
was reduced from once every three days to once every four days after three weeks of the experiment
(6 June 2019) due to high water content in the high reduction treatment.
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greenhouse. Three different climate analogues were used (2018: analogue to the current climate at Réserve faunique de 
Portneuf (Québec, QC, Canada); 2050: analogue to the climate predicted for mid-century; 2080: analogue to the climate 
predicted for the end of the century). The analysis was performed using a linear mixed model with a random effect of 
blocks (n = 5). Different letters indicate a posteriori least square mean differences performed on climate analogue and 
browsing treatment (α = 0.05). Shapes represent the distribution of the data. 

Figure A2. Simulated winter browsing effect on flavonoid concentration in three climate analogues black cherry
(Prunus serotina Ehrh.) seedlings. Seedling dry mass (x ± 95%CI of model estimates) was measured after ten weeks
of growth in a greenhouse. Three different climate analogues were used (2018: analogue to the current climate at Réserve
faunique de Portneuf (Québec, QC, Canada); 2050: analogue to the climate predicted for mid-century; 2080: analogue to the
climate predicted for the end of the century). The analysis was performed using a linear mixed model with a random effect
of blocks (n = 5). Different letters indicate a posteriori least square mean differences performed on climate analogue and
browsing treatment (α = 0.05). Shapes represent the distribution of the data.
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Figure A3. Differential effect of water availability on northern red oak (Quercus rubra L.) mass among climate analogues.
Seedling dry mass (x ± 95%CI of model estimates) was measured after ten weeks of growth in a greenhouse under two
levels of water availability (control: 80% of pot capacity; high reduction: 25%). Three different climate analogues were used
(2018: analogue to the current climate at Réserve faunique de Portneuf (Québec, QC, Canada); 2050: analogue to the climate
predicted for mid-century; 2080: analogue to the climate predicted for the end of the century). The analysis was performed
using a linear mixed model with a random effect of blocks (n = 5). To account for differences between the initial mass of
seedlings, height at the beginning of the experiment and its interactions were included as a covariate in the model. Different
letters indicate a posteriori least square mean differences performed on climate analogue and water availability treatment
(α = 0.05). Shapes represent the distribution of the data.
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Figure A4. Shoot:root ratio of northern white cedar (Thuja occidentalis L.) seedlings from three climate analogues after
simulated winter browsing and water availability treatment. Seedling’s shoot:root ratio (x ± 95%CI of model estimates)
was measured after ten weeks of growth in a greenhouse under two levels of water availability (control: 80% of pot capacity;
high reduction: 25%). Three different climate analogues were used (2018: analogue to the current climate at Réserve
faunique de Portneuf (Québec, QC, Canada); 2050: analogue to the climate predicted for mid-century; 2080: analogue to the
climate predicted for the end of the century). The analysis was performed using a linear mixed model with a random effect
of blocks (n = 5), and while the interaction among all the experimental treatment was statistically significant, the a posteriori
test did not reveal statistically significant difference among groups. To account for differences between the initial mass of
seedlings, height at the beginning of the experiment and its interactions were included as a covariate in the model. Shapes
represent the distribution of the data.
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Figure A5. Flavonoid concentration of northern white cedar (Thuja occidentalis L.) seedlings from three climate analogues 
after simulated winter browsing. Seedling’s dry mass (𝑥̅ ± 95%CI of model estimates) was measured after ten weeks of 
growth in a greenhouse. Three different climate analogues were used (2018: analogue to the current climate at Réserve 
faunique de Portneuf (Québec, QC, Canada); 2050: analogue to the climate predicted for mid-century; 2080: analogue to 
the climate predicted for the end of the century). The analysis was performed using a linear mixed model with a random 
effect of blocks (n = 5). Shapes represent the distribution of the data. The interaction between browsing and climate ana-
logue was statistically significant, however, the a posteriori test did not reveal statistically significant difference among 
groups. 
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Figure A5. Flavonoid concentration of northern white cedar (Thuja occidentalis L.) seedlings from three climate analogues
after simulated winter browsing. Seedling’s dry mass (x ± 95%CI of model estimates) was measured after ten weeks of
growth in a greenhouse. Three different climate analogues were used (2018: analogue to the current climate at Réserve
faunique de Portneuf (Québec, QC, Canada); 2050: analogue to the climate predicted for mid-century; 2080: analogue to the
climate predicted for the end of the century). The analysis was performed using a linear mixed model with a random effect
of blocks (n = 5). Shapes represent the distribution of the data. The interaction between browsing and climate analogue was
statistically significant, however, the a posteriori test did not reveal statistically significant difference among groups.
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