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* Background and Aims Warmer temperatures and altered precipitation patterns are expected to continue to
occur as the climate changes. How these changes will impact the flowering phenology of herbaceous perennials in
northern forests is poorly understood but could have consequences for forest functioning and species interactions.
Here, we examine the flowering phenology responses of five herbaceous perennials to experimental warming and

reduced summer rainfall over 3 years.

* Methods This study is part of the B4WarmED experiment located at two sites in northern Minnesota, USA.
Three levels of warming (ambient, +1.6 °C and +3.1 °C) were crossed with two rainfall manipulations (ambient

and 27 % reduced growing season rainfall).

* Key Results We observed species-specific responses to the experimental treatments. Warming alone advanced
flowering for four species. Most notably, the two autumn blooming species showed the strongest advance of
flowering to warming. Reduced rainfall alone advanced flowering for one autumn blooming species and delayed
flowering for the other, with no significant impact on the three early blooming species. Only one species, Solidago
spp., showed an interactive response to warming and rainfall manipulation by advancing in +1.6 °C warming (re-
gardless of rainfall manipulation) but not advancing in the warmest, driest treatment. Species-specific responses
led to changes in temporal overlap between species. Most notably, the two autumn blooming species diverged
significantly in their flowering timing. In ambient conditions, these two species flowered within the same week. In
the warmest, driest treatment, flowering occurred over a month apart.

* Conclusions Herbaceous species may differ in how they respond to future climate conditions. Changes to phen-
ology may lead to fewer resources for insects or a mismatch between plants and pollinators.

Key words: Flowering, climate change, boreal forest, temperate forest, phenology.

INTRODUCTION

During this century, temperatures are predicted to continue to
rise (IPCC, 2014; Walsh et al., 2014), with other interacting cli-
mate variables changing in tandem. Specifically, altered rainfall
patterns are expected to coincide with rising temperatures (Karl
and Trenberth, 2003). Along with these changes in climate,
ecological relationships are expected to change.

Phenology, the study of the timing of biological events, has
become a trusted tool for tracking patterns of climate change
(Menzel, 2002; Cleland et al., 2007), and is an important com-
ponent of predicting how future climate change conditions may
alter ecosystems and species persistence. Warming temperatures
are linked to both earlier (Fitter ef al., 1995; Rice et al., 2018)
and delayed flowering (Sherry et al., 2007) in herbaceous plants,
depending on the time of year and environmental conditions.
However, despite the expectation that warmer temperatures will
be coupled with changes in precipitation, experiments testing
the effects of multiple environmental factors on phenology are

rare (but see Cleland et al., 2006; Sherry et al., 2007; Rollinson
and Kaye, 2012).

The timing of flowering phenology has important conse-
quences for species interactions and ecosystem functioning.
For instance, changes in flowering phenology may not occur in
sync with insect phenology (Visser and Both, 2005). This could
lead to a lack of food availability for insectivores (Inouye et al.,
2000), mismatches between flowering plants and their specific
pollinators (Sparks et al., 2005) or a lack of fruit for frugivores
and seed dispersers (Rafferty et al., 2015). These potential
changes to trophic interactions could upset ecosystem function.

Flowering onset in perennials is triggered mainly by tempera-
ture accumulation, though in some species flowering may also be
dependent on moisture or photoperiod (Rathcke and Lacey, 1985,
and references therein). Given the complexity of phenological
cues, understanding how flowering phenology may change due to
warmer temperatures combined with altered precipitation is im-
perative. Furthermore, the unique cues on which flowering plants
rely vary by habitat and geographic range (Von Holle, 2010),
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making studies of different habitats essential to our global under-
standing of how climate change may impact ecosystems. To our
knowledge, flowering phenology in response to warmer temper-
atures and altered precipitation has not been studied in mesic sys-
tems such as temperate or southern boreal forests, which are the
focal systems for our study.

Warmer temperatures combined with reduced summer pre-
cipitation may change the flowering phenology of herbaceous
plants in mesic forests in several ways. While warmer temper-
atures generally advance flowering (Fitter et al., 1995; Miller-
Rushing et al., 2008; Rice et al., 2018), these advances could
be negated by a reduction in soil moisture. Soil moisture could
be depleted due to reduced precipitation, or by higher evapo-
transpiration due to higher vapour pressure gradients asso-
ciated with higher temperatures (Reich et al., 2018). In such
situations, herbaceous plants may not have enough resources
to produce flowers due to moisture stress. Conversely, if tem-
perature is a stronger driver of flowering phenology than soil
moisture (Rathcke and Lacey, 1985; Abu-Asab et al., 2001),
then reduced summer precipitation may not have any impact on
flowering phenology of herbaceous plants (Cleland et al., 2006;
Sherry et al., 2007; Rollinson and Kaye, 2012). Combined with
the ability of a perennial plant to store resources, the cue to
flower may occur solely based on temperature and not rely on,
or become hindered by, lower soil moisture.

Here we tested the response of native herbaceous flowering
phenology to ambient and reduced (approx. 27 %) growing
season rainfall crossed with three levels of experimental
warming in a regenerating southern boreal forest ecosystem. We
studied five naturally occurring herbaceous perennial plant spe-
cies over 3 years; three of the species are early season bloomers
and two late season. In addition to the lack of phenology ex-
periments that examine warming combined with reduced rain-
fall, phenology of herbaceous species in northern forests is also
understudied. This study is novel in terms of its contribution to
our understanding of how reproductive phenology of the herb-
aceous plant community will respond to future climate change
conditions.

We hypothesized that warming would advance flowering (H1),
but enhanced moisture stress from decreased rainfall would delay
timing of flowering (H2); moreover, we hypothesized an inter-
action when both treatments occurred jointly, i.e. that advances
in flowering due to warming would be smaller in the lower rain-
fall treatment (H3). Finally, we expected to see flowering in au-
tumn blooming species most impacted (H4) by both the warming
and altered rainfall treatments, given that they had the longest
exposure to the (potentially) stressful environment of higher tem-
peratures and limited soil moisture, predicted by H3. Our experi-
ment is a long-term study designed to predict how two important
climate variables, warming and altered rainfall, may impact a di-
verse array of herbaceous perennials.

MATERIALS AND METHODS

Study site and system

Our study took place in the Boreal Forest Warming at an
Ecotone in Danger (B4WarmED) project, a long-term, in situ
experiment in northern Minnesota at the boreal-temperate

forest ecotone (Rich et al., 2015; Reich et al., 2018; Stefanski
et al., 2020). First established in 2008, the project has two up-
land forested sites, in Cloquet (46°40'N, 92°31'W) and Ely
(47°56’N, 91°45"W), Minnesota. Cloquet has a mean annual
temperature of 4.5 °C and 807 mm of annual precipitation; Ely
has a mean annual temperature of 3.0 °C and 722 mm of annual
precipitation (Rich et al., 2015).

Each plot has an intact and naturally regenerating community
of herbaceous, shrub and fern species growing amongst approx.
120 bare-root tree seedlings planted in the spring of 2012. We
studied five species of herbaceous plants from this naturally
occurring forest floor community for 3 years, 2012-2014. All
the herbaceous species tracked persisted or regenerated from
rhizome systems after disturbance from the initial experimental
set up. All species occur naturally in the temperate—boreal eco-
tone of northern Minnesota and throughout much of the USA
and Canada.

Heat treatments include unwarmed control plots (ambient)
and plots with simultaneous above- (via infrared lamps) and
below-ground (via buried resistance cables) warming that,
during the years of this study, elevated the temperature to two
target levels above ambient, i.e. +1.6 °C and +3.1 °C (Table 1).
The heat treatment operates in open-air plots using a feedback
control system to maintain the target temperature above ambient
throughout the growing season (roughly April to November) of
each year of the study; see Rich er al. (2015) for more details on
the heat treatment manipulation. Each site contains three blocks
and, within each block, are two replicates of the three heat treat-
ments. Blocks were established following a clearcut in 2006
(Cloquet) and 2008 (Ely), 4-6 years prior to the beginning of
the observations presented herein. In total, we used 36 plots of
7.1 m? divided evenly between the two sites.

The rainfall manipulation treatment, simulating drought,
was installed in spring of 2012 in half of the plots within each
block. Thus, each block contains one replicate of each warming
treatment with and without rainfall manipulation (Stefanski
et al., 2020). Rainfall removal starts on 1 June [day of year
(DOY) 153] and ends on 30 September (DOY 274) of each
year. The rainfall manipulation relies on custom-made 20 m?
heavy duty tarps on a furling system to be deployed only during
individual rainfall events. Manual rain gauges above the vege-
tation within the plots and time-domain reflectometry probes
approx. 20 cm below the soil surface record rainfall and soil
moisture within each plot to estimate efficacy of the rainfall
removal. The rainfall manipulation treatment removes approx.
40 % of the total rainfall from June to September and 27 % of
the total rainfall from May to September (Table 1). Temperate
and boreal forests are likely to be effectively drier in the future
than in the past (Seager et al., 2014; Wang et al., 2014), be-
cause climate warming will exacerbate water loss by increasing
evapotranspiration (Seager et al., 2014; Wang et al., 2014); in
addition there will be heightened variability in precipitation
(Wang et al., 2014). As a result, the importance of water avail-
ability to climate responses may become greater in the future.
Our treatments were set up to test whether effects of warming
would differ in wetter vs. drier years, or in a future notably drier
than historic conditions.

The years 2012-2014 had relatively high summer rainfall.
Rainfall from 1 May to 30 September in 2012-2014 in ambient
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TABLE 1. Annual ambient rainfall (mm), rainfall in low rain treatment (mm) and percentage of the total growing season (1 May to 30 September) rainfall removed in the re-

duced rainfall treatment for each B4WarmkED site for 3 years (top) and average above-ground temperature (+ s.d.) in ambient warming treatment, +1.6 °C warming treatment

and +3.1 °C warming treatment for each B4WarmED site for 3 years (bottom).

2014

2013

2012
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Total rainfall
removed

Rainfall in low Total rainfall Ambient Rainfall in low Total rainfall Ambient Rainfall in low
removed removed

Ambient
rainfall (mm)

Site

rain treatment

(mm)

rainfall (mm)

rain treatment

(mm)

rainfall (mm)

rain treatment

(mm)

339 %
32.1 %

372.6
314.5

563.4
463.0

29.7 %
339 %

339.34
312.2

482.6
471.9

12.1 %
17.5 %

625.9

711.7

Cloquet
Ely

343.9

417.1

+1.6 °C +3.1°C Ambient +1.6 °C +3.1°C Ambient +1.6 °C +3.1°C

Ambient

Site

warming warming warming warming warming warming warming warming

warming

18.1 £8.1°C
18.6 °C £ 8.0

16.5+8.1°C

149+8.1°C

18.3 £8.5°C
18.6 +8.2°C

16.8 £8.5°C
172 £82°C

152 +£85°C
15.8+£8.2°C

179 +7.6°C
19.3+£8.2°C

16.6 £ 7.8 °C
17.5+£8.0°C

15.7+83°C
16.6 £9.0 °C

Cloquet
Ely

17.0°C+7.9

154+79°C

Warming treatment names are based on average achieved treatment differentials for our study period.

and reduced rainfall treatments at Cloquet represent the 87th
and 44th percentile highest rainfall when compared with am-
bient rainfall in Cloquet for those months over a 100 year
period (1912-2011); hence the two treatments represent mod-
erately rainy growing seasons and slightly drier than average
growing seasons.

Data collection

We recorded weekly flowering phenology observations for
three growing seasons in 2012-2014. Observations began after
snowmelt and were recorded as DOY records, with DOY 1
correlating with 1 January. Every 7 d, observers visited the re-
search plots to observe the flowering phenology of focal spe-
cies. Observers recorded the DOY that the first individual of
each study species in each plot had an open flower, such that
reproductive structures were available for pollination. Data
collectors were assigned to particular sites and communicated
definitions of phenophases through written protocols and elec-
tronic communication for consistency of data collection.

Study species

The five herbaceous perennial plants we studied include data
from three individual species and two genera. We followed
individuals of naturally established species of herbaceous
perennials, namely Fragaria virginiana, Lathyrus venosus,
Hieracium aurantiacum, Hieracium pretsense, Solidago
altissima, Solidago gigantean and Eurybia macrophylla. Two
Solidago species, Solidago altissima L. and Solidago gigantean
Aiton, and two Hieracium species, Hieracium aurantiacum
L. and Hieracium pretsense Tausch, were present within the
experimental plots but were tracked and assessed at the genus
level due to inability to identify these species in their immature
stages, similar life history traits and phenology between spe-
cies, and limited replication among treatments.

Under ambient conditions at these sites, F. virginiana gener-
ally flowers at the end of May, while Hieracium spp. and L. ven-
osus flower in mid-June. Solidago spp. and E. macrophylla
generally flower in mid-August and are often called ‘autumn
flowering’; we will adopt that nomenclature throughout the
text.

Statistical analysis

We used mixed-effects analysis of variance (ANOVA)
models to assess the response of average DOY of flowering
phenology to reduced rainfall combined with warming. First,
we used a mixed-effects model to test the individual effects of
year, warming treatment, rainfall treatment and species, and
their two- and three-way interactions (Table 2). Block nested in
site was a random effect. To effectively understand individual
species’ responses, and to isolate the effects of the rainfall
treatment and its interaction with warming, we ran mixed-
effects models for each individual species. Model effects in-
cluded warming treatment, rainfall treatment and their two-way
interaction (Table 3). Block nested in site and year were the
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random effects. We examined the significant results (P < 0.05)
of each ANOVA using Tukey’s HSD post-hoc tests to evaluate
significant differences among treatment variables at a = 0.05.
Analyses were conducted using JMP 10 statistical software
(SAS Institute, Cary, NC, USA).

Finally, we investigated how the rainfall treatment, com-
bined with the warming treatment, altered species’ temporal
overlap. Specifically, we tested whether the experimental
treatments led to convergence or divergence in timing of
flowering among paired species. Due to the unbalanced na-
ture of the data (e.g. not all species were found in each plot),
we created bootstrapped distributions of the DOY when
flowering occurred for each species in the particular treat-
ment combination. As described in Rice et al. (2018), we
resampled the data with replacement using 200 iterations,
which was the minimum number of iterations needed for
the majority of bootstrapped values to fall within the 95 %
confidence interval (CI) of the raw mean. Once we had cal-
culated the difference in the DOY when flowering occurred
between the two examined species, we created a distribu-
tion of species pair differences in each examined treatment
combination for all possible species pairs. Next, we con-
ducted two-sample 7-tests to test for significant differences

TABLE 2. Mixed-effect ANOVA results for flowering response over
3 years for five herbaceous species (n = 312)

R*=0.94

Source of variation d.f. d.f.,, F P
Warming 2 233.2 21.07 <0.0001
Year 2 233.2 70.53 <0.0001
Species 4 236.0 641.84 <0.0001
Rainfall 1 233.7 0.17 0.6826
Warming x Year 4 232.6 1.06 0.3755
Warming x Species 8 233.6 2.37 0.0179
Warming x Rainfall 2 234.6 3.65 0.0276
Year x Species 8 232.8 4.56 <0.0001
Year x Rainfall 2 232.4 0.41 0.6666
Species x Rainfall 4 233 3.46 0.0091
Warming x Year x Species 16 232.6 1.01 0.4514
Warming x Year x Rainfall 4 232.6 091 0.4614
Warming x Species x Rainfall 8 233.8 3.53 0.0007
Year x Species x Rainfall 8 2324 8.86 0.5484

Block nested in site is the random effect. Significant results are indicated in
bold (P < 0.05).

between the ambient and experimental treatments. Finally, if
the absolute difference in DOY between each paired species
was significantly larger in the experimental treatment com-
pared with ambient, we deemed this to be divergent phen-
ology. Conversely, smaller absolute differences in the DOY
on which flowering occurred in the experimental treatment
compared with ambient were deemed convergent. These ana-
lyses were conducted using R (R Core Team, 2013) and all
figures were made using ggplot2 (Wickham, 2009).

RESULTS

Species differed in flowering phenology, which was strongly
influenced by warming. Altered precipitation did not have
a strong impact on flowering phenology of the herbaceous
plant community (i.e. our study species) as a whole but did
elicit strong changes in phenology in particular species.
These changes were exacerbated by experimental warming.
Overall, phenological responses to rainfall manipulation and
experimental warming altered flowering synchrony among
species.

Flowering: response of individual species and of the community

The herbaceous plant community showed main effects of
warming, year and species, as well as several two- and three-
way interactions among year, species, warming and rainfall ma-
nipulation (Table 2). Species was by far the strongest fixed effect
in the model, followed by year. Warming was a strong driver of
change in flowering phenology despite the strong main effect of
species and year, supporting H1. For the community, warming
advanced flowering by 7.7+ 1.5 d and 9.2+ 1.5 d in +1.7 °C
and in +3.4 °C warming, respectively. On the other hand, the
rainfall treatment did not have a main effect on flowering phen-
ology across species, contrary to H2.

However, there were significant interactions of rainfall with
warming and with species, as well as a three-way interaction
of species x warming x rainfall (Table 2). In general, flowering
phenology in the ambient warming treatment did not differ be-
tween the reduced or ambient rainfall conditions. In ambient
rainfall conditions, warming advanced flowering linearly,
by 54+20dand 11.4+22 d in +1.6 °C and +3.1 °C, re-
spectively. In reduced rainfall conditions, warming advanced

TABLE 3. Mixed-effect ANOVA results for flowering response over 3 years

Source of Variation

Warming Rainfall Warming x Rainfall
Species R? N d.f. df.,. F P d.f. df.,. F P d.f. df., F P
Fragaria virginiana 0.81 78 2 66.5 4.94 0.0100 1 67.2 1.75 0.1907 2 66.8 0.69 0.5042
Lathyrus venosus 0.72 55 2 43.9 1.71 0.1929 1 42.8 0.01 0.9251 2 44.8 0.58 0.5619
Hieracium spp. 0.49 52 2 41.1 6.98 0.0025 1 39.9 0.02 0.8825 2 423 0.03 0.9686
Solidago spp. 0.71 37 2 284 7.75 0.0021 1 28.7 4.79 0.0368 2 28.4 9.90 0.0005
Eurybia macrophylla 0.46 90 2 77.1 9.23 0.0003 1 76.4 7.84 0.0065 2 76.7 0.98 0.3800

Each row provides results for response of flowering for one individual species. Species are in descending order of timing of flowering in ambient conditions. Five
mixed-effects models were run in total. Block nested in site and year are the random effects. Significant results are indicated in bold (P < 0.05).
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flowering non-linearly, by 10.0+2.3 d and 6.9+23 d in
+1.6 °C and +3.1 °C, respectively. The three-way interaction
of species x warming X rainfall indicated that E. macrophylla
and, in particular, Solidago spp. generally flowered at the same
time in ambient conditions but experienced different magnitude
and direction of phenology responses depending on the rainfall
and warming combination (Fig. 1).

We examined how warming and rainfall, and their combin-
ation, impacted each species individually (Table 3). Of the five
studied species, four showed a main effect of warming, two
showed a main effect of rainfall manipulation and one showed
a warming x rainfall interaction. Warming was the strongest
main effect for all species (Table 3), and tended to advance
flowering, again consistent with HI1.

The two species that responded significantly to the rain-
fall manipulation differed in direction of response (Fig. 1).
On average, Solidago spp. generally delayed flowering in the
reduced rainfall conditions, by 7.6 £3.5 d, supporting H2.
Conversely, E. macrophylla advanced flowering by 7.0 £ 2.5 d
in reduced rainfall compared with ambient.

Solidago spp. was the only species with a significant
warming X rainfall interaction (Table 3), exhibiting a pattern
that was partially consistent with H3. Under ambient rainfall,
this late blooming species advanced flowering by an average of
42+43din+1.6°Cand by 19.5 +4.8din +3.1 °C warming. In
the reduced rainfall treatment combined with +1.6 °C warming,
Solidago spp. flowering advanced by 17.5+6.5 d. However,
when reduced rainfall was combined with +3.1 °C warming,
there was no longer any difference in timing between the ambient
temperature and +3.1 °C warming with reduced rainfall. The
other late blooming species, E. macrophylla, had a somewhat
different response to warming x rainfall compared with Solidago
spp. Eurybia macrophylla advanced flowering compared with

207

ambient in both +1.6 °C (by 14.5 = 4.4 d) and +3.1 °C (by
16.4 +4.2 d) warming, but this response was not sensitive to
rainfall treatment. Overall, the two late bloomers had stronger
responses to treatments than the early bloomers, supporting H4.

Changes in species temporal overlap

Compared with ambient conditions, reduced rainfall alone
and reduced rainfall with warmer temperatures both consist-
ently altered species temporal overlap (Table 4). Due to re-
duced rainfall alone (i.e. in ambient temperature conditions),
nine out of ten species pairs showed a significant change in
synchrony, with four species pairs converging and five pairs
diverging (Fig. 2). The pattern of divergence was mainly due
to the delayed flowering response of Solidago spp. in reduced
rainfall (Fig. 2).

In +1.6 °C warming and reduced rainfall, all species pairs
showed a significant change in synchrony, with eight pairs
converging and two diverging. Most of this response can
be explained by the relatively large advance in flowering of
E. macrophylla and the lack of, or modest, advance in flowering
of most other species in +1.6 °C warming and reduced rainfall.
In +3.1 °C warming and reduced rainfall, all ten species pairs
showed a significant change in synchrony, with half converging
and half diverging.

The species pair that showed the largest absolute difference
in timing of flowering were the autumn blooming species,
E. macrophylla and Solidago spp. These species primarily di-
verged in timing of flowering (Fig. 2). The change in synchrony
of the spring blooming species was dependent on the species
pair, as temporal overlap both converged and diverged in the
experimental treatments.

Fragaria virginiana Lathyrus venosus Hieracium spp. Eurybia macrophylla Solidago spp.
250 <
Heat treatment
o &
o —e— +3.1°C
2 205 - § t {
[ o
g ! { v} % 3 —8— +1.6°C
2 @
; 200 - —@— Ambient
o
o
[0)
o ¢
@ 175 1 % Rainfall mani i
o pulation
; ARTRTTIINAE
< O Excluded rainfall
150
! {’ { @ { % @ Ambient rainfall
125 4
T T T T T T T T T T T T T T T
\ OO o \ OO o \ OO ) \ 00 ) \ 00 )
@Qp N3 © @eo ° © O‘é\ N3 © ()‘Q'Q N © *&Q’Q ° ©
& X <2 & X ) W& N & X N & X N

Heat treatment

F1G. 1. Average change in days on which flowering occurred in manipulated conditions compared with ambient rainfall and ambient temperature for five herb-

aceous perennials. Average flowering timing was calculated by averaging the flowering onset over 3 years and all plots of comparable treatments for each species.

Average difference was calculated by taking the difference in warming and/or rainfall exclusion from ambient temperature and ambient precipitation. Bars indicate
+ 1 s.e. Species are in descending order of timing of flowering in ambient conditions.
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TABLE 4. Pairwise species differences in days on which flowering occurred in treatments

Pairwise species Difference (d) Difference (d) Change in synchrony  Difference (d) Change in Difference (d) Change in
comparison in ambient in ambient in ambient temperature in +1.6 °C and synchrony in +3.1 °C and synchrony in
temperature temperature and reduced rainfall reduced rainfall ~ in+1.6 °C reduced rainfall ~ +3.1 °C and
and ambient and reduced (£s.e.) (£s.e.) and reduced (xs.e.) reduced rainfall
rainfall ( s.e.) rainfall (+ s.e.) rainfall
Eurybia 0.6+1.0 23.8+ 1.0 Diverge 33+1.0 Diverge 31.5+0.8 Diverge
macrophylla—
Solidago spp.
Fragaria virginiana— 182 1.3 250+ 14 Diverge 242+ 14 Diverge 284+ 1.7 Diverge
Lathyrus venosus
Hieracium spp.— 142+12 63+1.6 Converge 29+1.1 Converge 26+1.3 Converge
Lathyrus venosus
Fragaria virginiana— 31.7 1.0 345+2.0 - 257+ 1.1 Converge 28.6+1.3 Converge
Hieracium spp.
Hieracium spp.— 535+1.0 592+ 1.7 Diverge 40509 Converge 726 £0.7 Diverge
Solidago spp.
Eurybia 50.0+0.9 40.1x1.6 Converge 449x0.8 Converge 40.8+0.9 Converge
macrophylla—
Hieracium spp.
Lathyrus venosus— 63213 702+1.0 Diverge 419+12 Converge 740+1.2 Diverge
Solidago spp.
Eurybia 64.6 + 1.1 446+13 Converge 483+ 1.1 Converge 448 +1.3 Converge
macrophylla—
Lathyrus venosus
Fragaria virginiana— 81.9 = 1.2 939=x1.2 Diverge 700+ 1.3 Converge 1003 1.2 Diverge
Solidago spp.
Eurybia 81.8+1.0 72.6 £ 1.6 Converge 73.4+1.2 Converge 68.7+1.2 Converge
macrophylla—
Fragaria
virginiana

Within each treatment, mean bootstrapped differences + 1 s.e. (200 iterations) were calculated as the difference in mean DOY on which flowering occurred

between the paired species. These differences were compared between ambient and +1.6 °C and between ambient and +3.1 °C warming using #-tests. Species

are considered convergent (divergent) if the absolute difference between the mean DOY start of senescence which occurred in warming is smaller (larger) than
the absolute difference between DOY start of senescence which occurred in ambient. A dash indicates no significant difference in the synchrony between the two

species in warming.

DISCUSSION

Flowering phenology responses to warming and rainfall ma-
nipulation were species specific in magnitude and direction.
These differing responses altered the synchrony between spe-
cies, leading to both convergence and divergence in timing of
flowering between co-occurring species. Such responses to fu-
ture climate conditions may lead to altered ecological relation-
ships in forest communities.

As hypothesized, warming advanced flowering for four out
of five species. On average, flowering advanced by 2.7-4.5 d
°C-!. The two species that advanced the most in warming and
ambient rainfall conditions, Solidago spp. and E. macrophylla,
flower in the autumn (Farnsworth er al., 1995; Rice et al.,
2018). Species-specific responses may be due to individual spe-
cies following particular cues. For instance, autumn blooming
species may be more sensitive to air and soil temperature than
spring blooming species, the latter possibly responding more
strongly to photoperiod (Bazzaz and Bliss, 1971).

The three spring blooming herbaceous species did not
alter flowering phenology in response to altered rainfall. This
lack of response is not surprising and may be due to the ex-
perimental design of the study system. In this experiment,
rainfall removal began approx. 2 weeks before flowering
generally occurs in ambient conditions. The timing of this

manipulation leaves little time for the plants to respond to
the imposed conditions, as flower development has already
occurred by this time. However, it is unlikely that reduced
rainfall events will occur in the spring in northern Minnesota
(Walsh et al., 2014). Therefore, we can expect the conditions
imposed by the experimental design and the corresponding
flowering response to be in accordance with future condi-
tions. Additionally, the lack of response to altered rainfall
may be related to the mesic habitat in our study. In mesic
systems, warming has been shown to be a stronger driver of
phenology than precipitation (Khan et al., 2018). However,
in moisture-limited systems, such as alpine habitats, soil
moisture is a stronger driver of phenology than temperature
(Ller et al., 2013).

Autumn flowering species showed divergent responses
to rainfall exclusion and to altered rainfall combined with
warming. Generally, E. macrophylla and Solidago spp. flower
within days of each other in mid-August. Warmer temperatures
with ambient rainfall advanced flowering of both species at a
similar rate. However, in +3.1 °C with reduced rainfall, the hot-
test and driest conditions, E. macrophylla advanced flowering
by 3 weeks (into the end of July) while Solidago spp. delayed
flowering by almost 1 week (into the end of August). Thus,
in the +3.1 °C rainfall exclusion plots, there was a 1 month
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difference between when E. macrophylla flowered compared
with Solidago spp. For these two species, which generally
flower within the same week, the combination of warming plus
rainfall reduction led to radically different responses compared
with warming alone.

Eurybia macrophylla was unique in its response of
advancing flowering in the warmest, driest treatment
conditions. This response may be related to this species’
ability to cope with hot, dry environments. For instance, it
is one of the first species to rebound after a fire (Ahlgren,
1960). It is an aggressively rooted species, perhaps al-
lowing it to derive more moisture from deeper into the soil
or over a wider area. Conversely, Solidago spp. may delay
flowering in warm, dry conditions as a means of pheno-
logical escape (Sonesson and Eriksson, 2003). Thus, this
species may avoid flowering to conserve water resources
until soil moisture is restored, or delay flowering due to
an inability to acquire enough soil moisture until later in
the season.

One caveat to our results is the unknown impact winter
warming may have on these studied plants. Our experimental
design implemented continuous above- and below-ground
warming for approx. 8§ months of the year. While warmer
winter temperatures are predicted (Wuebbles and Hayhoe,
2004), warming was not implemented in the winter due to
the low levels of biological activity below 0 °C and the po-
tential artefactual effect of warming in the winter, as it would
artificially spur snowmelt and potentially change soil struc-
ture via freeze—thaw cycles. Despite the advance in flowering
we observed, warmer winters may delay flowering of species
with vernalization requirements (Cook et al., 2012; Williams
et al., 2014). However, Cook et al. (2012) found that far
fewer species showed a strong response to winter warming
compared with the number of species that responded to
spring warming.

Species-specific responses may indicate future changes to
ecological relationships. In simulated climate change condi-
tions, paired species showed a mixture of either convergent
or divergent timing of first flowering. Changes in temporal
overlap may alter community composition (Memmott et al.,
2007; Sherry et al., 2007), competition (Elzinga et al., 2007
and, ultimately, trophic interactions (Hegland et al., 2009;
Warren et al., 2010; Rafferty et al., 2015). In particular, the
striking divergence in flowering of previously synchronous
E. macrophylla and Solidago spp. could reduce pollen avail-
ability for autumn pollinators (Moeller, 2004) or allow inva-
sive species to acquire a new temporal niche (Sherry et al.,
2007). At the same time, this divergence may also release
these species from competition for generalist pollinators
(Elzinga et al., 2007).

Changes in first flowering dates of earliest flowering indi-
viduals, the focus of our study, may not predict population-
level responses or how other aspects of flowering phenology
may change (CaraDonna et al., 2014), which would truly alter
ecological relationships. Further research is needed to under-
stand how other aspects of southern boreal forest flowering
phenology may change, such as peak flowering and flowering
duration.

Our observations highlight the importance of exam-
ining a range of co-occurring species and observing re-
sponses in the wide range of climate conditions predicted
to change. For instance, we observed different responses
depending on the time of year during which the species
bloomed. Furthermore, examining the responses of autumn
blooming species in warming alone did not fully capture
the response of these species. Examining the flowering re-
sponse in the context of warming combined with altered
rainfall provided a fuller picture of responses expected
in a changing climate (Hyvonen ef al., 2007; Luo et al.,
2008). More studies that combine warming with reduced
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rainfall are needed to enhance our understanding of the
phenological shifts which may take place in temperate and
boreal forests of North America, pinpointing sensitive spe-
cies and elucidating potential changes in ecological rela-
tionships. Furthermore, studies of ecophysiology coupled
with phenology are needed to understand the mechanisms
behind such responses to increased warming and altered
rainfall.
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