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Abstract

Climate change is expected to favor exotic plant species over native species because exotics tend
to have wider climatic tolerances and greater phenological plasticity, and also because climate
change may intensify enemy release. Here, we examine direct effects of warming (+1.8°C above
ambient) on plant abundance and phenology, as well as indirect effects of warming propagated
through herbivores, in two heavily invaded plant communities in Michigan, USA separated by
approximately three degrees latitude. At the northern site, warming increased exotic plant
abundance by 19% but decreased native plant abundance by 31%, indicating that exotic species
may be favored in a warmer world. Warming also resulted in earlier spring green-up

(1.65 £ 0.77 days), earlier flowering (2.18+0.92 days), and greater damage by herbivores (2-fold
increase), affecting exotic and native species equally. Contrary to expectations, native and exotic
plants experienced similar amounts of herbivory. Warming did not have strong ecological effects
at the southern site, only resulting in a delay of flowering time by 2.42+0.83 days for both native
and exotic species. Consistent with the enemy release hypothesis, exotic plants experienced less
herbivory than native plants at the southern site. Herbivory was lower under warming for both
exotic and native species at the southern site. Thus, climate warming may favor exotic over
native plant species, but the response is likely to depend on additional environmental and

individual species’ traits.

Keywords: climate-change, global warming, invasive species, open-top chamber, plant

community ecology



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Introduction

Understanding the mechanisms for the success of exotic plants in their introduced range
is a longstanding ecological question (Tilman 1985; Davies 2011; Simberloff 2013). The rapid
spread and eventual dominance of exotic plants may result from their ability to take advantage of
vacant spatial or temporal niche space (Elton 1958), especially following disturbance (Herbold
and Moyle 1986). A second proposed mechanism is enemy release, in which exotic plants
experience reduced herbivore, disease, and pest pressure compared to their native counterparts
(Williamson 1996; Keane and Crawley 2002). However, anthropogenic climate change is likely
to interact with each of these mechanisms through extended growing season length and rapidly
warming temperatures (Wolkovich and Cleland 2011). These changes are also expected to shift
plant-herbivore relationships (Dijkstra et al. 2012). Understanding the mechanisms that influence
exotic plants’ success under warmer temperatures in their introduced range is critical for
understanding and forecasting plant community dynamics.

Warmer temperatures driven by climate change are known to influence the abundance of
exotic species (Dukes 2010). For example, warmer temperatures could reduce cold constraints
that currently limit exotic survival and open potential opportunities for range expansion (Dukes
and Mooney 1999). Further, native species that are stressed by a rapidly changing climate may
have reduced competitive abilities and therefore, allow opportunities for exotic establishment or
growth in the introduced range (Alpert et al. 2000; Chambers et al. 2016; Ma et al. 2017).
Warmer temperatures also lead to extended growing seasons and may create open niche space
for exotic species that are able to establish earlier in the season or extend their life cycle past
those of native species (Wolkovich and Cleland 2011), and has been seen in both terrestrial and

aquatic systems (Stachowicz et al. 2002; Fridley 2012). Thus, exotic species may also be favored
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in their introduced range due to high phenological plasticity (Richards et al. 2006). Accordingly,
these species may have an advantage in a rapidly changing environment (Willis et al. 2008;
Matesanz et al. 2010). However, some evidence exists that climate change may lead to neutral
and potentially negative responses for exotic and invasive species, suggesting their success may
depend on abiotic and biotic interactions (Williams et al. 2007; Bradley et al. 2010).

The success of exotic species under climate change is also likely to depend on their
interactions with herbivores. Exotic plants benefit from enemy release when herbivores prefer
native species and therefore indirectly enable exotic species to thrive under relatively less
consumptive pressure (Bremm et al. 2016). Climate change may moderate the magnitude and
direction of herbivore impacts on exotic plant success by warmer temperatures directly
increasing insect metabolic rate (Bale et al. 2002; Fey and Herren 2014). The warming induced
reduction of plant food quality may also require herbivores to consume greater quantities to meet
nutritional demands (Hillebrand et al. 2009; Sardans et al. 2012). If native species experience
increased herbivory due to warming, but this increase is lower in magnitude for exotic species
(i.e. enemy release), then exotic species would experience greater success under warmer climate
conditions. Alternatively, herbivores may limit the growth of competitive plant species and
therefore promote community stability (Van der Putten et al. 2010; Blois et al. 2013; Post 2013;
Borer et al. 2014). Thus, forecasting community consequences of exotic plant success may
depend on the influence of herbivores in a warmer world.

Given these direct and indirect responses to climate change, exotic species may be
favored in their introduced ranges (Dukes and Mooney 1999; Hellmann et al. 2008). However,
these predictions are largely based on theory and observational studies rather than manipulative

experiments (Wolkovich and Cleland 2011; Sandel and Dangremond 2012; Wolkovich et al.
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2013). Further, experiments that test the differential effects of warming on exotic and native
species often use simplified biotic communities, which may reduce the ability to make
predictions under the full complexity of realistic communities (Lu et al. 2015; Munier et al.
2010). Also, in situ field-based warming experiments in plant communities have been almost
entirely limited to high-latitude and high-elevation ecosystems with low-stature plant
communities, and we lack sufficient understanding in mid-latitude and lower-elevation
ecosystems (Arft et al. 1999). Finally, in order to best examine the effects of warming on exotic
success we must examine ecosystems where introductions of exotics are most prevalent
(Simberloff and Von Holle 1999; Turbelin et al. 2017).

We addressed these research gaps with an in situ field experiment that manipulated warming
in highly invaded early successional, mid-latitude plant communities. We examined the effects
of warming exotic vs. native species for one annual cycle to test the following hypotheses:

1) Warming will increase exotic species cover more than co-occurring native species cover.

2) Warming will advance exotic species phenology more than co-occurring native species

phenology.

3) Warming will indirectly favor exotic species through increased leaf herbivory compared

fo co-occurring native species.

Methods
Site Description

We examined two invaded, early successional plant communities in Michigan, USA
separated by 354 km and approximately three degrees latitude (Appendix A) from May 2015

through October 2016. The northern site is a forest clearing at The University of Michigan’s



114  Biological Station (UMBS) located at 45.56° N, -84.71° W and 239 meters above sea level
115  (Appendix A). The 1.53 km? clearing was clear-cut in 1994 and is dominated by Danthonia
116  spicata, Centaurea stoebe, and Poa pratensis (Table 1). The site was maintained through

117  mowing to prevent forest succession until the beginning of the experiment. The mean annual
118  temperature in Emmet County where the site is located is 5.4 °C with the mean monthly

119  temperature for the hottest month (July) reaching 17.0 °C (1981-2010 normals, Menne et al.
120  2012a; Menne et al. 2012b). Mean annual rainfall and snowfall in Emmet County are 76.7 cm
121 and 244 cm, respectively (1981-2010 normals, Menne et al. 2012a; Menne et al. 2012b). The
122 southern site is an early successional grassland (previously agriculture field) at Kellogg

123  Biological Station’s Long Term Ecological Research Site (KBS-LTER) located at 42.40° N, -
124 85.40° W and 289 meters above sea level (Appendix A). The site is dominated by Solidago
125  canadensis, Poa pratensis, and Hieracium pratense (Table 1) and was maintained through

126  mowing to prevent succession prior to the beginning of the experiment. The mean annual

127  temperature in Kalamazoo County where the site is located is 10.1 °C with the mean monthly
128  temperature for the hottest month (July) reaching 22.9 °C (1981-2010 normals, Menne et al.
129  2012a; Menne et al. 2012b). Mean annual rainfall and snowfall at this site are 100.4 cm and 127
130  cm, respectively (1981-2010 climate normal, Menne et al. 2012a; Menne et al. 2012b).

131 Experimental Design

132 At each site, we established 24 1m? plots within a 25 meter by 36 meter area surrounded
133 by a 3 meter tall fence to prevent deer browsing. Plots were separated by at least 4 m of buffer
134  area to prevent edge impacts from chambers (e.g. shading) in neighboring plots and to serve as

135  walkways for sampling. As part of a larger, long-term experiment, the plots were treated with a
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randomized, fully factorial design that included insect reduction and small mammal exclosure in
addition to the warming treatment (Appendix B).

We warmed the plots year-round using a passive, open-top chamber design commonly
used in tundra ecosystems (Molau and Mglgaard 1996), modified to warm taller stature (<1.5 m)
plant communities and to allow for migration of flying and ground dwelling organisms in and
out of the chambers (Welshofer et al. 2018). We used clear, UV-transmitting, 1/8” Lexan
Polycarbonate sheets to elevate temperatures using sunlight (ePlastics, San Diego, CA; Appendix
A). We installed the chambers during spring 2015 at both sites. The chambers warmed plots
during the daytime, on average, by (+1.84+0.79 °C (SE) and +1.7340.19 °C (SE)) in the forest
clearing and old agriculture field, respectively, with no evidence for differences in relative
humidity. Warming varied with irradiance and therefore exhibited the hottest temperatures (up to
approximately 45 °C) during the daytime in the growing season. At the southern site, the
chambers led to drier soil by 3.66+0.57 % (SE), but this trend was not observed at the northern
site where moisture drained quickly from the sandy soil composition (Welshofer et al.
2018). Further, the chambers reduced winter soil temperature, presumably due to reduced
snowpack insulation, and resulted in greater variability in soil freeze/thaw cycles (Welshofer et
al. 2018). Here we report ecological data collected during the second growing season (2016),
after nearly a full year of the warming treatment.
Data collection

Because this study was part of a longer-term experiment, we used non-destructive
sampling methods. We visually estimated percent cover for each species in each 1m? plot taken
at the beginning of the experiment (Spring 2015) and at the end of the second growing season

(August 2016). KW performed all estimates to prevent bias between plots or sampling occasions.
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The origin of each species was classified as either 'native' or 'exotic' according to the PLANTS
Database (USDA, NRCS 20006).

We monitored the phenology in each plot every 3-4 days from March through October
2016. We recorded ‘green-up’ for each species in each plot by visually estimating the percent of
active plant cover in each 1m? plot during the time period (March-May). We recorded a species
as 'flowering' as the period between flower bud break and flower senescence. ‘Seed set” was
determined when an individual exhibited withering of the stigma along with swelling of the
ovaries. For both flowering and seed set, we recorded the date when at least one individual for
each species in each plot exhibited the phenological stage.

We visually estimated the percent of leaf tissue missing (presumably due to herbivory) at
the end of the second growing season to capture cumulative damage throughout the season
(Schultheis et al. 2015). We haphazardly selected four leaves vertically dispersed along the stem
on three individuals of each species within each plot (n=12 leaves per species per plot). When
three individuals of that species were not present within a plot, we sampled the maximum
number of individuals present. We sampled all species except for Achillea millefolium, because
visual estimates of tissue damage on its feather-like leaves were difficult to assess. For
graminoid species, many ends of the blade were removed making it difficult to determine the
amount of tissue eaten. To standardize our results between treatments, we used the average
length of undamaged blades for each species as a reference for each leaf herbivory estimate. We
only recorded the percent of missing plant tissue, as browning of the tissue could have been a
response to abiotic stress or fungal infections (Green et al. 1990). To prevent bias, KW
completed all estimates with visual aids depicting species-specific examples of exact herbivory

percentages that were calculated using ImageJ software (Schneider et al. 2012). To further
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determine the probability of leaf attack, we later calculated a binomial response as to whether the
leaf experienced any herbivory (1), or no herbivory (0).
Statistical Analysis

We took several steps to prepare the data for analysis. We natural log transformed each
percent cover value to conform to the assumptions of general linear regression. As an index of
spring green-up phenology, we computed the date at which each species reached 50% of its
maximum cover value per plot. For time of flowering and seed set, we computed the minimum
date that each species was observed in each phenological stage in each plot. For the leaf
herbivory models, we did not consider plots with the reduced insect treatment (n=12 per site).

We fit mixed-effect ANOVA models to evaluate the separate and interactive effects of
warming and origin (native vs. exotic) on plant percent cover, spring green-up phenology,
flowering phenology, seed set phenology, and leaf herbivory. For each response variable at each
site, we used a 2-step process to compare complex and reduced models using likelihood ratio
tests (0=0.05) to select the most parsimonious model. To account for the additional treatments
applied as part of the long-term experiment, even though they are not a focus of this study, we
first compared the full models including terms for insect reduction and small mammal exclusion
treatments to models without those terms. Next, we compared the model including an interaction
between warming and origin to a model without the interaction to test for interactive effects of
warming and plant species origin on each response variable. A significant interaction term would
indicate that the change in the response variable caused by warming depends on plant species
origin. Plant species identity was included as a random intercept in each model to account for
additional species-specific variation within all response variables. For leaf herbivory models, the

data did not conform to a normal distribution and could not be transformed as such; therefore, we
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used a generalized linear regression model with Poisson error to determine the amount of the leaf
eaten and a binomial error to determine the probability of herbivore attack. For both herbivory
models the identity of individual plants was also included as a random intercept because multiple
observations were made on each individual. 95% confidence intervals were calculated for each
parameter estimate using bootstrap methods (number of simulations=999). We calculated the
denominator degrees of freedom using the Satterthwaite approximation method (Bolker et al.
2009). We used Likelihood Ratio Tests (a=0.05) to evaluate whether initial differences in species
cover between warmed and ambient plots existed prior to the start of the experiment, and
completed all analyses using R version 3.1.2 (R Development Core Team 2008) and the R
package Ime4 (Pinheiro and Bates 2000). There were no initial differences between warmed and
ambient plots in average percent cover across species at either site in 2015 at the beginning of

the experiment (Northern Site: (y*=0.84, df=1, p=0.36); Southern Site: (¥*=0.35, df=1, p=0.55)).

Results

At the northern site, the response of plant cover to warming depended on origin (Table 2,
Figure 1A). Warming increased exotic plant cover by 19% and decreased native plant cover by
31% relative to the average cover in ambient plots (((X warmed- Xambient)/ Xambient)*100). The
greatest increases in cover were found in Rumex acetosella, Poa pratensis, and Hypericum
perforatum (all exotic). However, we did not find evidence that warming influenced plant cover
for either native or exotic species in the southern old agriculture field (Table 2, Figure 1B). We
also did not find evidence for an interactive effect between warming and origin on average

species cover at this site (Appendix C). However, we observed the greatest increases in cover
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due to warming of Trifolium sp. (exotic) and Euthamia graminofolia (native), with the greatest
decrease in Poa pratensis (exotic). Responses of individual species are reported in Appendix D.

At the northern forest clearing, plant species greened-up an average of 1.61+0.57 (SE)
days earlier in warmed plots than ambient plots (Table 2, Figure 2A). Native and exotic plants
shifted green-up phenology by the same amount of time, on average (i.e. the interaction of
warming and origin was not present in the most parsimonious model, Appendix C). Plants
flowered 2.18+0.92 days earlier in the warmed plots than plants in the ambient plots at the
northern site (Table 2, Figure 2C), and the magnitude of this shift was also indistinguishable
between native and exotic species (Appendix C). We found that plots at the northern site without
the insecticide treatment flowered 2.13+0.86 days later than plots with the insecticide treatment
(Table 2). The timing of seed set did not vary according to warming treatment or origin at the
northern site (Table 2, Figure 2E). At the southern old agriculture field, warming did not affect
spring green-up phenology for native or exotic plants (Table 2, Figure 2B), but exotic plants
greened-up an average of 10.35+4.34 days earlier than native plants, regardless of warming.
Warming delayed plant flowering by 2.42+0.83 days for both native and exotic species (Table 2,
Figure 2D). At this site, exotic plants flowered 37.14£16.57 days earlier than native plants,
regardless of warming (Figure 2D). The timing of seed set also did not vary according to
warming treatment or origin at the southern site (Table 2, Figure 2F). The interaction between
warming and origin was not present in the most parsimonious model for any of the phenology
responses at the northern or southern study site (Appendix C).

Warming increased the amount of leaf herbivory approximately two-fold at the northern
site (Table 3, Figure 3). Native and exotic species experienced similar amounts of herbivory

(Table 3, Figure 3), but the way herbivory varied according to warming treatment was
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statistically indistinguishable for native vs. exotic species (Appendix C). Warming decreased the
amount of leaf herbivory in the southern old agriculture field by approximately half, and native
species experienced about 6-fold greater herbivory than exotic species (Table 3). Similarly, at the
southern site, the probability of an herbivore attacking a leaf decreased in warmed plots
compared to ambient plots and native species experienced a higher probability of attack than
exotic species (Table 3). However, the probability of herbivore attack at the northern site did not
differ between warmed and ambient treatments, nor by species origin (Table 3). The most
parsimonious models for both the amount of leaf eaten and the probability of herbivore attack at

both sites did not contain a term for the interaction of warming and herbivory (Appendix C).

Discussion

We found evidence that warming favored exotic species over native species at the
northern forest clearing site, where the effects of warming were largely consistent with our
predictions. However, the same level of warming did not have strong ecological effects at the
southern old agricultural field site. We also found evidence for enemy release at the southern old
agriculture field site where native plant species were more likely to experience leaf herbivory
and a greater amount of tissue damage than exotic species. However, these trends were not
observed at the northern forest clearing site.

The moderate ecological effects observed at the northern forest clearing site were
consistent with our expectations. Warmed plots had greater plant cover compared to ambient
plots, consistent with experimental studies that found warming increases plant productivity
(Rustad et al. 2001) or increases the abundance of more productive species (Fridley et al. 2016).

Also consistent with predictions, the change in cover was positive for exotic species but negative

12
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for native species. The observed shifts in earlier green-up and flowering time at the northern site
are consistent with the literature, as plants respond to warmer temperature cues earlier in the
season (Dunnell and Travers 2011; Calinger et al. 2013). Warmed plants also experienced
greater amounts of herbivory than those in ambient conditions. This could be due to lower food
quality (as a result of increased C:N ratios) and therefore increased herbivore demand
(Hillebrand et al. 2009; Sardans et al. 2012). Additionally, warmer temperatures may have
increased the metabolism of insects within the warmed plots, in turn increasing the amount of
leaf tissue required by herbivores (Gillooly 2001). Exotic species greened-up an entire week
earlier than native species, indicating their broad climatic tolerance early in the growing season,
but the reproductive phenology of native and exotic species responded similarly to warming.
Responses at the southern old agriculture field site were not consistent with our original
predictions. We observed delayed flowering phenology and a slight but statistically insignificant
decrease in plant cover in the warmed plots. We suggest that physiological stress may have
prevented both native and exotic plants from benefiting from warming at the southern site with
the extreme temperatures (+44 days where temperatures reached 35°C) exacerbated by lower soil
moisture conditions (—3.66 + 0.57%) in the warmed plots (Welshofer et al. 2017). Although there
is considerable variability among plant species in the conditions that cause physiological stress
(Wabhid et al. 2007), combined heat and drought conditions have shown to delay flowering
phenology (Savin and Nicolas 1996; Kazan and Lyons 2016) and decrease aboveground plant
biomass (Vile et al. 2011). Additionally, lower soil moisture in the warmed plots could have
resulted from increased transpiration at higher temperatures and contributed to plant stress
(Pandey et al. 2015). Hence, such extreme conditions could explain these observed plant

responses to warming at the southern site.
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Overall, we found limited evidence that exotic plant species will respond to climate
change differently than native species, with the exception that warming caused a significantly
greater increase in exotic cover relative to native cover at the northern site. The lack of
differential effects of warming between native or exotic species may be due to similar ruderal
traits shared by species of both origins. Because these systems are both heavily disturbed (clear-
cut and agriculture), weedy species dominate the plant assemblage at both sites. Weedy species
that readily establish in disturbed environments are likely to have broad climatic tolerances and
be relatively insensitive to moderate warming, regardless of their continent of origin
(Theoharides and Dukes 2007). For example, plant species that have an affinity for warmer soils
and that produce wind-dispersed seeds tended to be the best colonizers of newly available habitat
patches as temperatures increased in an alpine system (Matteodo et al. 2013). Notably, warming
did not produce changes in the most abundant species at each site, including exotic species of
national concern Centaurea stoebe (USDA, NRCS 2006). Thus, it is likely that species traits, in
addition to species origin, are likely to play an important role in predicting species success in a
warmer climate.

This experiment suggests climate warming can benefit exotic plant species more than
native species, but our results suggest the magnitude and direction of responses are also likely to
depend on the environmental temperature as well as species’ traits within the community. While
short-term experiments such as this increase our understanding of annual ecological variation,
they also suggest potential mechanisms that lead to long-term ecological dynamics (Chesson and
Huntly 1989; Magnuson 1990; Shriver 2016). We suggest that future research examining the

influence of warming on the physiological tolerances of native and exotic species as well as
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317  plant-herbivore interactions will provide insight to whether these short-term direct and indirect
318  responses to warming translate into greater success of exotic plant species over time.
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Table 1. Species list for each site, and site-level relative abundance. All origin values retrieved

from USDA Plant Database at the county level. Species relative abundance based on

composition estimates collected in August 2016. Relative abundance calculated for each site as

the (sum of each species’ cover/sum of all species)*100.

Northern Forest Clearing Southern Old Agriculture Field
Relative Relative
Species Origin  Abundance (%) Species Origin  Abundance (%)
Danthonia spicata Native 38.34 Solidago canadensis Native 34.27
Centaurea stoebe Exotic 29.65 Poa pratensis Exotic 33.74
Poa pratensis Exotic 11.44 Hieracium pratense Exotic 10.17
Carex pensylvanica Native 6.21 Phleum pratense Exotic 4.73
Pteridium aquilinum Native 4.83 Achillea millefolium Native 4.56
Rumex acetosella Exotic 2.84 Trifolium pratense Exotic 3.28
Hypericum perforatum Exotic 1.11 Centaurea stoebe Exotic 2.82
Hieracium pilosella Exotic <1 Euthamia graminifolia Native 1.66
Poa compressa Exotic <1 Rubus allegheniensis Native 1.05
Quercus rubra Native <1 Potentilla recta Exotic <1
Fragaria vesca Native <1 Dactylis glomerata Exotic <1
Vaccinium angustifolium Native <1 Daucus carota Exotic <1
Solidago gigantea Native <1 Trifolium repens Exotic <1
Pilosella aurantiaca Exotic <1 Alliaria petiolata Exotic <1
Asclepias sp. Native <1 Celastrus orbiculatus Exotic <1
Betula sp. Native <1 Arrhenatherum elatius Exotic <1
Antennaria sp. Native <1 Hypericum perforatum Exotic <1
Solidago nemoralis Native <1 Elymus repens Exotic <1
Tragopogon dubius Exotic <1 Asclepias sp. Native <1
Acer rubrum Native <1 Taraxicum officinale Exotic <1
Barbarea vulgaris Exotic <1
Cardamine hirsuta Exotic <1




Table 2. Parameter estimates for the most parsimonious general linear mixed-effects model

based on likelihood ratio tests for species cover and phenology response variables as explained

by warming and species’ origin at each site. All models included species as a random intercept.

All parameters significantly different from zero are bolded. Positive origin effects indicate

greater values for native species relative to exotic species. Interactions and additional treatments

(insects, mammals) are only included when statistically significant (Appendix B).

Response Northern Forest Clearing Southern Old Agriculture Field
Estimate Denom. df 95% CI Estimate Denom. df 95% CI
Species Cover
Warmed 0.62 122.14 (0.16, 1.07) -0.17 213.81 (-0.37,0.02)
Origin 0.36 2147 (-0.68, 1.42) 0.82 20.49 (-0.22, 1.92)
Warmed*Origin -0.69 122.14 (-1.38, -0.07)
Residuals 126 225
Green-up
Warmed -1.61 103.64 (-2.74,-0.52) 0.29 251.98 (-2.87,3.46)
Origin 6.86 18.1 (-0.69, 15.43) 10.35 17.80 (2.23,18.33)
Residuals 115 262
Flowering Time
Warmed -2.18 84.19 (-4.02, -0.35) 2.42 211.24 (0.76, 3.88)
Origin -15.17 12.88 (-42.94, 9.79) 37.14 18.94 (4.00, 70.88)
Insects 2.13 84.07 (0.41, 3.96)
Residuals 91 225
Seed Set Time
Warmed 0.82 81.09 (-1.98, 3.70) 0.89 183.53 (-2.26,3.79)
Origin -8.62 11.09 (-31.26, 14.66) 33.77 16.75 (-1.14, 65.48)
Residuals 87 195




Table 3. Parameter estimates for the most parsimonious general linear mixed-effects model
based on likelihood ratio tests for the herbivory response variables as explained by warming and
species’ origin at each site. All models included species as a random intercept. All parameters
significantly different from zero are bolded. Positive origin effects indicate greater values for
native species relative to exotic species. Interactions and additional treatments (insects,

mammals) are only included when statistically significant (Appendix B).

Response Northern Forest Clearing Southern Old Agriculture Field
Estimate SE Z-Value P-Value Estimate SE Z-Value P-Value
Amount Eaten
Warmed 0.68 +0.31 2.20 0.03 -0.70 +0.28 -2.51 0.01
Origin 1.02 +0.84 1.21 0.23 1.89 +0.63 3.00 <0.01
Probability Attacked
Warmed 0.07 +0.35 0.20 0.84 -0.71 +0.23 -3.07 <0.01

Origin 1.02 +0.84 1.21 0.23 2.28 +0.54 4.22 <0.01
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Figure Legends

Fig. 1 Species percent cover (mean + 1SE) measured at the end of summer 2016 at the (a)
northern forest clearing and (b) southern old agriculture field. Shaded plots represent ambient
temperatures and white plots represent the warmed treatment. Data were measured for each
species in each plot at each site (n=24). Warming decreased average native cover, but increased
average exotic cover at the northern site (p<0.05).

Fig. 2 Phenological responses measured for each species in each plot throughout the 2016
growing season at the northern site (left column) and southern site (right column). Shaded plots
represent ambient temperatures and white plots represent the warmed treatment. Boxplots
display the median (central line), 25" percentile (lower bound), 75" percentile (upper bound),
and smallest and largest value (ends of whiskers) no larger than 1.5x the interquartile range from
the upper and lower quartiles. An ANOVA (a=0.05) was run on each response’s most
parsimonious model to determine significant differences between groups. Panels (a, b) show the
date where each species reached 50% of its maximum cover where warming led to earlier green-
up at the northern site, but not the southern site. Exotic species also greened-up earlier than
native species at the southern site, regardless of warming. This trend was also observed at the
northern site, although it lacked statistical significance. Panels (¢, d) show the median date of
flowering, where warming led to earlier flowering at the northern site and delayed flowering at
the southern site. Native species also flowered later than exotic species at the southern site.
Panels (e, f) show the median date of seed set. No evidence was found for differences between
groups.

Fig. 3 Percent of leaf eaten (Mean + 1SE) at the end of summer 2016 at the (a) northern forest

clearing and (b) southern old agriculture field. Shaded plots represent ambient temperatures and
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white plots represent the warmed treatment. Data were measured for four leaves on three
individuals of each species in each plot (n=12) for each site. An ANOVA ran on the most
parsimonious model shows warming increased the amount of leaf herbivory at the northern site
and decreased the amount of leaf herbivory at the southern site. Native species also experienced

a greater amount of herbivory than exotic species at the southern site.
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Appendix A. Locations of experimental sites.

Fig. S1 A. Map of mid-western United States with study site locations and 30-year temperature
normal from 1981-2010 (PRISM Climate Group 2013). B. Open-top chamber experiment in

southern old-agriculture field located at Kellogg Biological Station.
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Appendix B. Additional experimental treatment methods for long-term herbivory experiment.

Additional Treatment Methods

As part of the long-term experiment, we reduced insect herbivory through the application
of Merit-75 WP insecticide at a concentration of 0.031 g/L with 1.2 L applied for all insect
exclusion plots at each site every 13-15 days while measurements were taken during the growing
season (Bayer Environmental Science, Research Triangle Park, NC). An equal amount of water
(1.2 L) was applied evenly across plots where insects were not reduced within the same
treatment session in order to reduce any unequal effects of added water in the insecticide to the
plants. All insecticide applications were performed to dry vegetation during early morning low-
wind conditions and no precipitation in the following 24 hours. Care was taken to spray all plants
across sub-canopies within each plot, such that ground dwelling plants also received treatment.

We also reduced small mammal herbivory by installing 91cm tall, 1.3 cm gauge mesh
hardware cloth around 12 plots at each site at the beginning of the experiment. The cloth was
buried 20-30 cm beneath the ground (Brown and Davidson 1977). The fencing was reinforced in
Spring 2016 by attaching a second layer of hardware cloth along the ground to reduce plot access
to burrowing mammals (Nutrient Network: A Global Research Cooperative, 2008). We tested
the integrity of the fences during three separate 72-hour events at each site and in each year.
During each sampling event we set Sherman live traps in the fenced and unfenced plots baited
with peanut butter and oats (H. B. Sherman Traps, Tallahassee, FL: 6.5 2.0 x 2.5 cm). The traps

were checked for captures and reset every 8 hours.
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Appendix C. Summary of likelihood ratio tests (0¢=0.05) used to determine the most

parsimonious mixed-effects model at each site.



Table S1. Model comparisons and results for Species Cover, Emergence, Flowering Time, and

Timing of Seed Set. All models included species identification as a random effect. Significant

results listed in bold.

Fixed Model Comparisons

Northern Forest
Clearing

Southern Old
Agriculture Field

Species Cover (2015)
[M1]Cover~Warmed+OrigintWarmed*Origin+Insects+tMammals vs.
[M2]Cover~ Warmed+Origin+Warmed*Origin+Insects
[M1]Cover~Warmed+OrigintWarmed*Origin+Insects vs.
[M2]Cover~Warmed+OrigintWarmed*Origin
[M1]Cover~Warmed+OrigintWarmed*Origin vs.
[M2]Cover~Warmed+Origin

Species Cover (2016)
[M1]Cover~Warmed+OrigintWarmed*Origin+InsectstMammals vs.
[M2]Cover~ Warmed+Origin+Warmed*Origin+Insects
[M1]Cover~Warmed+OrigintWarmed*Origin+Insects vs.
[M2]Cover~Warmed+Origin+Warmed*Origin
[M1]Cover~Warmed+OrigintWarmed*Origin vs.
[M2]Cover~Warmed+Origin

Emergence

[M1]Emergence ~Warmed+Origin+Warmed*Origin+InsectstMammals vs.
[M2]Emergence~ Warmed+Origin+tWarmed*Origin+Insects
[M1]Emergence~Warmed+Origin+Warmed*Origin+Insects vs.
[M2]Cover~Warmed+OrigintWarmed*Origin
[M1]Emergence~Warmed+Origin+Warmed*Origin vs.
[M2]Emergence~Warmed+Origin

Flowering Time

[M1]Flowering Time~ Warmed-+Origin+Warmed*Origin+InsectstMammals vs.

[M2]Flowering Time~ Warmed-+OrigintWarmed*Origin+Insects
[M1]Flowering Time~ Warmed-+Origin+Warmed*Origin+Insects vs.
[M2]Flowering Time~Warmed+Origin+Warmed*Origin
[M1]Flowering Time~Warmed+OrigintWarmed*Origin vs.
[M2]Flowering Time~Warmed+Origin

Timing of Seed Set

[M1]Seed Set~ Warmed+Origin+Warmed*Origin+Insects+tMammals vs.
[M2]Seed Set~ Warmed+Origin+Warmed*Origin+Insects

[M1]Seed Set~Warmed+OrigintWarmed*Origin+Insects vs.
[M2]Seed Set~Warmed+Origin+Warmed*Origin

[M1]Seed Set~Warmed+Origin+Warmed*Origin vs.

[M2]Seed Set ~Warmed+Origin

Summary Results

Summary Results

¥2=0.35; df=1;
P=0.55

¥2=0.30; df=1;
P=0.58

¥2=0.60; df=1;
P=0.44

¥2=0.10; df=1;
P =0.75

y2=1.11; df=1;
P =0.29

x2=4.23; df=1;
P =0.04

¥2=0.15; df=1;
P =0.69

¥2=2.10; df=1;
P=0.15

¥2=2.51; df=1;
P=0.11

¥2=0.32; df=1;
P=0.57

%2=5.40; df=1;
P =0.02

¥2=0.65; df=1;
P=0.42

¥2=0.08; df=1;
P=0.78

¥2=0.39; df=1;
P=0.53

¥2=0.00; df=1;
P =0.95

¥2=0.90; df=1;
P=0.34

¥2=0.84; df=1;
P=0.36

¥2=2.46; df=1;
P=0.12

¥2=2.05; df=1;
P=0.15

¥2=0.04; df=1;
P =0.85

¥2=0.76; df=1;
P =0.38

¥2=1.73; df=1;
P=0.19

¥2=1.07; df=1;
P=0.30

x2=1.75; df=1;
P=0.19

¥2=0.33; df=1;
P =0.57

¥2=1.87; df=1;
P=0.17

¥2=0.37; df=1;
P =0.54

¥2=0.05; df=1;
P=0.82

¥2=0.32; df=1;
P=0.57

¥2=0.02; df=1;
P =0.89




Table S2. Model comparisons and results for Amount of Leaf Eaten and Probability of Attack.

All models included species identification and individual plant identification as random effects.

Significant results listed in bold.

Fixed Model Comparisons

Northern Forest
Clearing

Southern Old
Agriculture Field

Leaf Herbivory (Amount of Leaf Eaten)

[M1]Leaf Herbivory~Warmed+Origin+Warmed*Origin+Mammals vs.

[M2] Leaf Herbivory~Warmed+Origin+Warmed*Origin
[M1]Leaf Herbivory~Warmed+Origin+Warmed*Origin vs.
[M2]Leaf Herbivory~Warmed+Origin

Leaf Herbivory (Probability of Attack)

[M1]Leaf Herbivory~Warmed+Origin+Warmed*Origin+tMammals vs.

[M2]Leaf Herbivory~Warmed+Origin+Warmed*Origin
[M1]Leaf Herbivory~Warmed+Origin+Warmed*Origin vs.
[M2]Leaf Herbivory~Warmed+Origin

Summary Results

Summary Results

¥2=2.43; df=1;
P=0.12

%2=0.25; df=1;
P =0.62

x2=0.38; df=1;
P=0.53

¥2=0.45; df=1;
P =0.50

x2=1.41; df=1;
P =0.24

x2=0.76; df=1;
P =0.38

x2=1.70; df=1;
P=0.19

%2=0.05; df=1;
P =0.81




Appendix D. Boxplots of individual species percent cover in warmed and ambient plots after
two years of treatment. Boxplots display the median (central line), 25™ percentile (lower bound),
75% percentile (upper bound), and smallest and largest value (ends of whiskers) no larger than
1.5x the interquartile range from the upper and lower quartiles. Triangles represent individual
data points (e.g. one point = one plot). Species are arranged by origin and from most abundant to

least abundant (left = right; top = bottom) at each site.



Fig. S2 Boxplots for individual native species’ cover for native at the Northern Forest Clearing

located at the University of Michigan Biological Station in Pellston, Michigan, USA.
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Fig. S3 Boxplots for individual exotic species’ cover at the Northern Forest Clearing located at

the University of Michigan Biological Station in Pellston, Michigan, USA.
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Fig. S4 Boxplots for individual native species’ cover at the Old Agriculture Field located at

Kellogg Biological Station in Hickory Corners, Michigan, USA.
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Fig. SS Boxplots for individual exotic species’ cover at the Old Agriculture Field located at

Kellogg Biological Station in Hickory Corners, Michigan, USA.
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