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Spatial patterns of adaptation provide important insights into agents of selection and expected responses of populations to climate

change. Robust inference into the spatial scale of adaptation can be gained through reciprocal transplant experiments that combine

multiple source populations and common gardens. Here, we examine the spatial scale of local adaptation of the North American

annual plant common ragweed, Ambrosia artemisiifolia, using data from four common gardens with 22 source populations sampled

from across a ~1200 km latitudinal gradient within the native range. We found evidence of local adaptation at the northernmost

common garden, but maladaptation at the two southern gardens, where more southern source populations outperformed local

populations. Overall, the spatial scale of adaptation was large—at the three gardens where distance between source populations

and gardens explained variation in fitness, it took an average of 820 km for fitness to decline to 50% of its predicted maximum.

Taken together, these results suggest that climate change has already caused maladaptation, especially across the southern portion

of the range, and may result in northward range contraction over time.

KEY WORDS: Local adaptation, maladaptation, range shifts, reciprocal transplant.

Spatial variation in the selective environment can result in adap-
tive divergence among populations, that is, local adaptation
(Williams 1966). The extent to which populations are locally
adapted depends on the balance between selection and gene flow,
as well as exposure to genetic drift (Linhart and Grant 1996).
Populations separated by short geographic distances are likely
to experience high gene flow, which is expected to constrain
local adaptation unless selection is very strong (Slatkin 1987;
Lenormand 2002). However, nearby populations are also likely
to share similar environments and experience more similar selec-
tion. Thus, nearby populations may not be expected to exhibit
adaptive differences even in the absence of gene flow. As the dis-

Amanda J. Gorton and John W. Benning contributed equally to this work.

tance between populations increases, gene flow is likely to de-
crease and environmental differences are expected to increase.
Accordingly, the extent of adaptive differentiation and thus the
signal of local adaptation may be expected to increase with geo-
graphical distance among populations (Slatkin 1985; Montalvo
and Ellstrand 2000; Joshi et al. 2001; Hereford 2009). How-
ever, these expectations involve two assumptions: that geographic
distance reflects ecologically relevant environmental distance,
and that populations are (largely) in equilibrium with their en-
vironmental optima. These assumptions are challenged by some
lines of empirical evidence, such as the presence of fine-scale
(e.g., meter) adaptive differentiation (Antonovics and Bradshaw
1970; Janson 1983; Sambatti and Rice 2006), stochastic and
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SPATIAL SCALE OF ADAPTATION IN COMMON RAGWEED
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Figure 1. The scale and strength of adaptation can be estimated using regression analyses to characterize the relationship between
the mean fitness of populations and geographic (or environmental) distances. (a) The slope of the relationship reflects the geographic
(or environmental) scale of adaptation: the more negative the slope, the more fitness is affected by a change in distance. A flat slope
would indicate no local adaptation and a positive slope maladaptation (which could also vary in scale). The variance in fitness explained
by the regression (R?) provides insight to the strength of local adaptation: a high R? would indicate that the variable of interest is a
strong predictor of fitness, and thus populations are strongly locally adapted. Panel (b) shows how the relationship between fitness and
a directional distance metric (such as latitudinal distance, calculated as source population latitude - common garden latitude) provides
insight into whether local adaptation has been disrupted by climate change, and also offers predictions for population performance
with future warming and migration. The green line is consistent with local adaptation at the location of an experimental garden (0 km).
The black line, in which the populations with highest fitness were sourced from locations warmer than the garden, shows a pattern
consistent with local adaptation having been recently disrupted by a warming climate. Populations transplanted into more poleward
locations can be used to test for adaptation to sites potentially occupied after future migration, whereas transplanting populations into

more equatorial gardens tests adaptation to warmer (future) temperatures.

directional temporal variation in environmental optima (e.g.,
Chevin et al. 2015; Bontrager et al. 2020; de Villemereuil et al.
2020), and the 30%—-50% of studies that find no evidence of lo-
cal adaptation (Hereford 2009; Hargreaves et al. 2020; Briscoe
Runquist et al. 2020).

The most powerful method to identify patterns of adap-
tation is the common garden approach, where multiple source
populations are planted into one site and performance is com-
pared among populations. In such experiments, local adaptation
manifests as higher fitness of “home” or “local” populations
relative to foreign populations (Kawecki and Ebert 2004), and
can be measured using categorical contrasts or, with enough
populations, regressions of fitness on distance between a source
population and garden (Fig. 1a). Many transplant experiments
have been conducted, and in general, local adaptation seems
to be common but certainly not ubiquitous (Hereford 2009;
Briscoe Runquist et al. 2020). However, there remain few studies
that assess fitness differences among many source populations
at multiple gardens along a broad environmental gradient (but
see Colautti and Barrett 2013; Wilczek et al. 2014). Data from
multiple common gardens across an environmental gradient can
be used to evaluate the extent of local adaptation across a species’

range, as well as the strength of adaptation to large-scale selective
agents like climate. Furthermore, sampling many populations
allows for a quantitative, as opposed to qualitative, estimate of
the spatial scale of adaptation (Fig. 1a), which is essential for
understanding spatial patterns of adaptation (Galloway and Fen-
ster 2000; Richardson et al. 2014). Although lifetime fitness is
the best measure of adaptation in such studies, data on individual
fitness components, such as early season survival or probability
of flowering in plants, can provide insights into the life history
stages underlying adaptation (Benning and Moeller 2021).

In an effort to identify drivers of local adaptation, differences
between source populations and common gardens are often char-
acterized using geographic distance (Becker et al. 2006), tem-
perature difference (Bontrager and Angert 2019), or multivariate
environmental distance (Wright et al. 2017). Geographic distance
is easy to measure and interpret and is often assumed to correlate
with the amount of gene flow between populations (Slatkin 1987
Lenormand 2002), but is not a factor that drives local adapta-
tion. Instead, because environmental variables are often spatially
autocorrelated, geographic distance integrates multiple (known
and unknown) environmental variables that drive adaptation. For
instance, across large latitudinal scales geographic distance will
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capture variation in climate and photoperiod, both strong deter-
minants of fitness in some species (Lacey 1988; Li et al. 2003;
Fournier-Level et al. 2011; Keller et al. 2011; O’Brien et al. 2017;
Campbell-Staton et al. 2018). Alternatively, distance can be cal-
culated directly from environmental data, such as mean annual
temperature or precipitation. Regardless of the variable used, dis-
tance between populations and gardens is usually calculated as
absolute, Euclidean distance, and therefore does not differenti-
ate between directional differences that may be important (but
see Anderson and Wadgymar 2020). For example, transplanting
a population 200 km poleward to a 2°C cooler location will likely
have different effects on fitness than transplanting that same pop-
ulation 200 km equatorward to a 2°C warmer location. Incorpo-
rating such directional distances will be especially important for
investigating patterns of adaptation when populations are poten-
tially not in equilibrium with their environment due to perturba-
tions like climate change (Fig. 1b).

Climate change is disrupting local adaptation due to shift-
ing environmental optima (Anderson and Wadgymar 2020;
Bontrager et al. 2020) and has already resulted in range shifts
for some species (Chen et al. 2011; Lenoir et al. 2020). Exper-
iments that assess fitness of populations sampled from across
a climate gradient like latitude can provide two valuable in-
sights: first, they can be used to estimate the strength of lo-
cal adaptation—how much variance in fitness is explained by
the distance between a population and garden? Second, with
enough source populations, these experiments can quantify the
spatial scale of local adaptation—what is the slope of the rela-
tionship between fitness and distance (Fig. 1a)? Across gradi-
ents where geographic and climatic distances strongly covary,
a shallow relationship between fitness and geographic distance
would suggest a large scale of adaptation to climate, such that
species may be relatively unaffected by climate change. By con-
trast, a steep relationship between fitness and geographic dis-
tance would suggest that climate is an important driver of adap-
tation and populations are thus likely to be strongly affected by
changing climate (Fig. 1a). When analyzed with directional mea-
sures of distance, such experiments can also uncover evidence
that climate warming has already disrupted local adaptation, for
instance, if populations from warmer regions have higher fit-
ness than local populations (Fig. 1b; Gorton et al. 2019; Bon-
trager et al. 2020). Furthermore, if populations are sourced from
regions colder than the common garden, the transplant experi-
ment can be thought of as a space-for-time substitution with re-
spect to climate change (e.g., Etterson and Shaw 2001; Fig. 1b).
By evaluating the performance of “cold” populations in a warmer
locale, one can predict fitness of these populations in their
home sites with future warming (although this design does not
account for other environmental factors differing between lo-
cales). Moreover, populations sourced from regions warmer than
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the common garden can mimic potential future migration as pop-
ulations track shifting climatic isotherms. In this case, fitness
in the common garden would reflect adaptation to potentially
important nonclimatic aspects of a future environment that will
likely not shift with climate change, such as day length or soil
type.

We used a reciprocal transplant experiment of a North Amer-
ican annual plant, Ambrosia artemisiifolia (common ragweed), to
quantify the strength and spatial scale of local adaptation and ex-
plore the consequences of a warming climate across a large por-
tion of the species’ geographic range. The experiment included
four common gardens, in which we planted individuals from 22
populations collected from across a ~1200 km latitudinal gradi-
ent. Our main questions were as follows:

1 To what extent are populations locally adapted or maladapted
across the species’ range?

2 What distance metric (geographic [absolute or directional], cli-
matic [absolute or directional]) is the strongest predictor of fit-
ness variation among populations?

3 What is the spatial scale of adaptation to climate?

4 Which life history stages underlie adaptation and how do these
vary across regions of the species’ range?

Methods

STUDY SYSTEM

Ambrosia artemisiifolia (common ragweed; Asteraceae) is a self-
incompatible (Friedman and Barrett, 2008), monoecious, wind-
pollinated annual plant (Jones 1936; Essl et al. 2015). The species
is found throughout North America, excluding the northernmost
portion of Canada, and is invasive on several continents (Genton
et al. 2005; Chauvel et al. 2006; Xu et al. 2006). Within North
Anmerica, the species’ abundance increased dramatically as agri-
culture spread across the continent (Grimm 2001; Martin et al.
2014) and today common ragweed is most abundant in the east-
ern and midwestern United States and Canada (Kartesz 2013).
It is widely distributed across broad climatic gradients, making
it a useful system to investigate questions regarding the scale of
adaptation to climate. Latitudinal clines in flowering time have
been documented on multiple continents, with plants from higher
latitudes flowering earlier (measured by Julian date) than plants
from lower latitudes in both common gardens and in the field
(Hodgins and Rieseberg 2011; Leiblein-Wild and Tackenberg
2014; Gorton et al. 2019). These clines suggest that popu-
lations are adapted to local climate, even though transcrip-
tome data revealed that population structure in North Amer-
ican ragweed only occurs at broad spatial scales (Hémald
et al. 2020). Phenotypic differentiation among ragweed plants
sampled from 1 to 3 km distances (Kostanecki et al. 2021)
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Figure 2. (a) Map showing the locations of the 22 source populations (circles) and four common gardens (triangles). White circles show

the nine focal populations for which complete lifetime fitness data were collected; gray circles show the remaining 13 populations where

final fruit counts were not obtained. (b) Climatic regions based on temperature and precipitation representative of the growing season
(May-October), averaged over years 1986-2016. Climate data were extracted from PRISM. Garden names are plotted on the color legend
according to their historical climate averages (1986-2015, black text) and experiment year weather (2016, white text). (c) Table shows
how temperature and precipitation during the experiment year (2016) differed from the long-term average (1986-2015).

suggests that adaptive divergence likely also occurs at finer spa-
tial scales.

Ambrosia artemisiifolia is a ruderal plant that is often abun-
dant in open, disturbed habitats such as riverbanks, roadsides,
edges of agricultural fields, and urban areas. It is a summer
annual that typically germinates in late spring (May—June) and
flowers in late summer or early fall (August—Sept). The transition
to reproduction is cued by shortening day lengths after the sum-
mer solstice, and the onset of frosts in the fall terminates the
growing season. Staminate capitula (i.e., male flowering heads)
are found in racemes, which produce pollen that is one of the
primary causes of summer and fall allergic rhinitis. Pistillate
capitula (i.e., female flowering heads) are found in axillary
clusters below the male flowers; each individual flower devel-
ops into an achene (a small, single seeded fruit) that readily
falls off the plant once ripe. These axillary clusters contain
on average between one and five achenes or seeds (Essl et al.
2015). Hereafter, we refer to these groups of achenes as “fruits”;

thus, a fruit count of one corresponds to between one and five
seeds.

SEED COLLECTIONS

During October 2015-January 2016, we collected seeds from
22 populations of A. artemisiifolia across a region spanning 11°
latitude (~1200 km) and 7° longitude (~550 km) (Table SI;
Fig. 2). We prioritized sampling across a replicated, broad lati-
tudinal gradient to directly address questions concerning effects
of climate warming as outlined in the starting of this article and
Figure 1b (note that because our study occurred in North Amer-
ica, when we use “southern” and “northern” below, this refers
to equatorward and poleward locations, respectively). Sampling
locations were an average of 290 km apart along two latitudi-
nal transects. At most latitudes, along each transect, we sampled
two populations separated by 50-60 km. The populations were
collected from a range of habitats, including abandoned lots in
urban areas, roadsides, river edges, and parks. At each sampling
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location, we collected seeds from 16-25 maternal plants, each
separated by at least 3 m.

RECIPROCAL TRANSPLANT EXPERIMENT

In Spring 2016, we planted four common gardens (hereafter “gar-
dens”) that were separated by an average of 260 km (range: 218—
338 km) and differ in annual temperature, precipitation, and pho-
toperiod (Fig. 1). The gardens were in the states of Minnesota
(MN), Towa (IA), Illinois (IL), and Missouri (MO) (see Table S2
for exact locations). The soil in all gardens was a silty loam.

Between May 15 and May 30, 2016, we planted the four
gardens, starting at the southernmost site (MO) and ending in
the northernmost site (MN). The timing of planting approxi-
mately matched the germination timing of natural populations
at each latitude (Gorton, pers. obs.). Prior to planting, each gar-
den was sprayed with glyphosate and tilled, creating an environ-
ment similar to the disturbed, low-competition habitats where A.
artemisiifolia is commonly found. Ambrosia artemisiifolia has
the potential for long-term dormancy, with seeds in the seed bank
remaining viable for many years (Toole and Brown 1946). To
minimize confusion between experimental plants and those that
emerged from the seed bank, we used a ProPlugger to remove a
soil plug (5 x 5.5 cm) at each planting spot. The holes were then
filled with Berger germination mix (Berger, Quebec).

Prior to planting, all seeds were stratified in moist silica sand
in the dark at 4°C for 10 weeks to break dormancy (Willemsen
1975). The seeds were planted in a randomized complete block
design (n = 25 blocks), so that each block contained seeds
from each population (22 populations x 25 plants per popula-
tion = 550 plants/garden). For each source population, we pooled
an equal number of seeds from 12-25 maternal plants (Table S1).
At each planting spot, we planted two to four stratified seeds di-
rectly into the ground and watered the seeds immediately after
planting. Each garden had 55 rows and 10 columns of plants,
planting spots were spaced 15 cm apart along each row, and the
spacing between columns alternated between 30 and 80 cm. Four
weeks after planting, plants were thinned to a single seedling per
planting spot. Throughout the growing season, all gardens were
regularly weeded to reduce competition from nonexperimental
plants.

FITNESS COMPONENTS

We visited each garden 4, 8, 12, and 16 weeks after planting,
and at the end of the growing season. During each week, we
documented survivorship and height, and scored each plant for
developmental stage (e.g., vegetative, flowering, fruiting, etc.),
male flowering stage, and female flowering stage. For each of
the three later traits, each plant received a score between 1 and
5, corresponding to different reproductive or flowering stages
(scoring categories presented in Table S3); plants could receive
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intermediate scores (e.g., 3.5). We estimated female fitness at
each garden by counting the number of mature fruits on 12-15
randomly selected plants from each of nine of the 22 source pop-
ulations (108135 plants per garden) at 16 weeks and at the end of
the season. These nine populations span the full latitudinal range
of the source populations (Fig. 2; Table S1). Due to the distance
between gardens, high fecundity, and the narrow time window in
which data needed to be collected, it was not possible to quan-
tify female fitness for every plant. For those plants for which we
quantified female fitness, we counted the number of fruits on ev-
ery fourth branch (about 20-50 per plant), starting with the lowest
branch, and moving up toward the apical meristem. We subsam-
pled branches in this way to account for variation in allocation
to female reproduction across plant development. We multiplied
this number by 4 to get a whole-plant estimate of female fitness.
We also recorded fruit maturity on each group of fruits. Fruits
were considered mature and given a score of 1 if at least one ach-
ene in the axillary cluster was brown. Plants with only immature
green fruit were given a fitness score of 0, as these fruits were
unlikely to mature prior to the first frost. Hereafter, “number of
fruits” refers only to mature fruits. We collected data on female
fitness (number of mature fruits produced) at both 16 weeks af-
ter planting and at the end of the growing season to capture the
range in life span of the different populations, day length, and
the length of the growing season across gardens. This was par-
ticularly relevant at the southern gardens, IL and MO, which had
longer growing seasons. We counted fruits on the same individ-
uals at both visits, and where possible, the same branches. When
fruit counts differed across visits, we kept the higher value. It was
possible for an individual to have a higher fruit count at the first
census because some individuals had senesced already due to a
shorter life span by the second census, leading to the mature fruits
dropping off the plant.

We used life history data (developmental stage at 12 weeks,
female flowering stage at 12 weeks, height at 16 weeks, fruit
number) collected on plants from the nine focal populations
(N = 524) to build predictive models of individual fitness based
on phenotypic data (“Predicting fitness” in the Supporting Infor-
mation). These models accounted for a large proportion of the
variation in observed population mean fitness, with a correlation
of r = 0.94 between predicted and observed population mean
fitness (“Predicting fitness” in the Supporting Information). We
used these models to predict fitness of the individuals from the
remaining 13 populations (and the individuals from the nine focal
populations for which we did not have final fitness data). Results
from regressions of fitness ~ distance using data from either
the nine or all 22 populations were very similar (“Predicting
fitness” in the Supporting Information; Fig. S3); we present re-
sults using the 22 populations because these capture a wider ge-
ographic sampling of populations and increase statistical power.
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Thus, the final dataset consisted of population mean fitnesses
calculated from (1) observed individual fitness data for individ-
uals from the nine focal populations for which we recorded fruit
counts in the field, and individuals that died, and (2) predicted
individual fitness for the remaining individuals where final fruit
counts were not recorded. We do note that predicting fitness
in this way assumes that the relationship between phenotypes
and fitness in the nine focal populations holds for the other 13
populations (“Predicting fitness” in the Supporting Information;
Fig. S2).

STATISTICAL ANALYSES

To test for local adaptation at each garden (Question 1), we used
linear regression models to estimate the relationship between
mean population fitness (measured as mean individual fruit
count) and Euclidean geographic distance (between source
population and garden). We used analogous regression models
to compare the explanatory power of different distance pre-
dictors (absolute geographic, directional geographic, absolute
climatic, and directional climatic) for fitness (Question 2). We
calculated the spatial scale of adaptation to climate (Question
3) using the estimated slopes from these models. To identify
specific life history stages that showed the strongest signal
of divergence among populations (Question 4), we used gen-
eralized linear and linear models to estimate the relationship
between separate fitness components (as opposed to lifetime
fitness) and distance. The unit of analysis in all lifetime fit-
ness models below was population mean fitness (i.e., mean
number of fruits produced by individuals). Analyses were con-
ducted in R (version 4.1.2; R Core Team 2021) and all data
and code to replicate the analyses are available at FigShare
(https://doi.org/10.6084/m9 .figshare.c.6092868.v2). We used
tidyverse packages (Wickham et al. 2019) for data manipulation
and visualization, along with visreg (Breheny and Burchett 2017)
for model visualization.

DISTANCE BETWEEN POPULATIONS AND GARDENS

In common garden experiments such as ours, local adaptation
should manifest as a negative relationship between population
mean fitness and the geographic distance between source pop-
ulation and the common garden (Fig. 1a). Geographic distance
is most often measured as the Euclidean distance between popu-
lation and garden, which is the method we use for testing local
adaptation at each garden (EVIDENCE FOR LOCAL ADAP-
TATION ACROSS GARDENS below). This distance measure,
however, fails to account for directionality that may be im-
portant in explaining fitness variation among populations—for
example, the environment a fixed distance north of a garden
is likely to be quite different from the environment that same
distance south of a garden. For this reason, we also calculated

directional geographic distance measures, which were the dif-
ferences in latitude and longitude between source populations
and gardens. To make Euclidean distance more directly com-
parable to directional geographic distance, we decomposed Eu-
clidean distance into the absolute values of latitudinal and lon-
gitudinal distances between populations and gardens. Hereafter,
geographic distance refers to the combination of latitudinal and
longitudinal distance either for absolute or directional measures.
To aid in interpretability, we transformed these distances in lati-
tude/longitude to distances in kilometers for visualization.
Environmental distance is an alternative to geographic dis-
tance. Because we were interested in assessing adaptation to cli-
mate, we calculated environmental distance between each gar-
den and source population as climatic distance using monthly
mean temperature and monthly total precipitation data from
1986 to 2016 extracted from PRISM (Oregon State University
2020). We extracted monthly climate data for the growing months
(May—Oct) for each source population from 1986 to 2015, and
for each garden in 2016 (the experiment year). We then calcu-
lated mean monthly temperature and precipitation for each year
as the average across the six growing months. For source popu-
lations, mean temperature and precipitation were averaged over
years 1986-2015. We then calculated temperature distances as
the difference between a source population location’s long-term
mean temperature and the experiment year (2016) temperature
of the common garden. Precipitation difference was calculated
in the same fashion. We calculated both absolute and directional
climatic distances in the same way we calculated geographic dis-
tances. See Table S4 for correlation matrix of all distance metrics.

EVIDENCE FOR LOCAL ADAPTATION ACROSS
GARDENS

We used linear regression to regress population mean fitness
(mean fruit set of all individuals in a population) on Euclidean
distance between populations and gardens (e.g., Im(fitness ~
Euclidian distance)). Local adaptation would be indicated by a
negative relationship between fitness and distance (Fig. 1a).

COMPARING DISTANCE PREDICTORS OF FITNESS
VARIATION

To compare the explanatory power of Euclidean distance against
different population-garden distances (absolute geographic, di-
rectional geographic, absolute climatic, and directional climatic),
we used the same linear regression framework as above. Specifi-
cally, we used linear regression to regress population mean fitness
on the four sets of distance metrics separately (e.g., Im(fitness ~
directional latitudinal distance + directional longitudinal
distance)). We then estimated the proportion of among-
population variance explained by each of the distance metrics us-
ing ANOVA with Type II SS (Anova() function in the car package
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[Fox and Weisberg 2019]). Because the a priori expectation for
the relationship between fitness and our directional distance met-
rics (directional geographic and climatic) is quadratic (Fig. 1b),
we included quadratic terms in these models.

To select parsimonious final models for downstream analy-
ses (below), we removed terms if ANOVA indicated they did not
explain significant variance in fitness (P > 0.05). We then chose
the distance model with the highest explanatory power (highest
average R’ across gardens) to evaluate the scale of adaptation in
the four gardens and test the influence of different life history
stages on patterns of adaptation.

SCALE OF ADAPTATION

We quantified the scale of adaptation at each garden as the slope
of the linear regression of fitness on distance, using the distance
metric that explained the most variation in fitness (see above).
This slope thus represents the predicted change in fitness with
distance at each common garden. To test whether the scale of
adaptation differed among gardens, we built an omnibus linear
regression model (Im(fitness ~ garden x distance)). To account
for fitness variation among gardens, we mean-relativized popu-
lation fitnesses within gardens. We used ANOVA with Type II
SS to test whether slopes differed among gardens. Prior to analy-
ses, we transformed distances for the MN garden into their addi-
tive inverses (i.e., multiplied by —1) so that the sign of the slope
was the same across all gardens (see Results). This allowed us
to test whether the absolute value of slopes differed among gar-
dens (as slopes of, e.g., m = —5 and m = 5 would indicate the
same spatial scale of adaptation). Pairwise contrasts of slopes
between gardens were performed with the emtrends function in
the emmeans package (Lenth 2018), with a Tukey adjustment for
P-values.

CONDITIONAL FITNESS COMPONENT ANALYSES

The above analyses identify the relative ability of different dis-
tance metrics to explain lifetime fitness variation, but they do not
identify the life history stages that underlie adaptation. To iden-
tify those stages, we analyzed fitness components (probability of
survival to 4 weeks, probability of fruiting, and number of fruits)
to identify which life history stages most strongly drive overall
lifetime fitness. For the subset of plants for which fruits were not
counted, we used the predicted values from phenotypic models
(as in lifetime fitness analyses; “Predicting fitness” in the Sup-
porting Information). For probability of mature fruits, all individ-
uals scored as having at least one mature fruit were assigned a
value of 1 and others were assigned a value of 0. Analyses were
conditional such that individuals were included in the analysis
only if they reached the previous life history stage (i.e., only
plants that survived to 4 weeks were included in the analyses
for probability of fruiting; number of fruits were modeled only
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for plants that produced fruits). We used logistic regression on
population-level data (i.e., each data point was number of suc-
cesses and failures per population) to estimate the influence of
the distance metric that explained the most variation in lifetime
fitness regressions on probability of early survival and probability
of fruiting; glm(cbind(successes, failures) ~ distance, family =
binomial). We used linear regression on population means to es-
timate the influence of the same distance metric on the number

of fruits; Im(number of fruits ~ distance).

Results

FITNESS AND LOCAL ADAPTATION ACROSS
GARDENS

Growing season temperature and precipitation were higher than
the historical average at all gardens (Fig. 2). Ragweed fitness dif-
fered starkly among gardens, with the lowest fitness (mean of
173 fruits per plant) at the northernmost garden, MN, and high-
est fitness (968 fruits per plant) at IL, the garden near the cen-
ter of the sampled populations (Fig. 3). There was considerable
among-population variation in fitness at each of the four gardens.
However, we found evidence for local adaptation only in the
northernmost (MN) and southernmost (MO) sites, where there
were negative relationships between fitness and Euclidian dis-
tance between source populations and gardens (Fig. 3a; Table 1).
The strength of these relationships was only moderately strong
(R* of 0.20 at MN and 0.27 at MO), indicating considerable
among-population variation in fitness that was not related to Eu-
clidean distance. Nonlocal populations often had higher fitness
than local populations, especially at MO. At IA and IL, there was
little relationship between fitness and Euclidean distance from
the garden (Fig. 3a).

PREDICTORS OF FITNESS

We compared the explanatory power of absolute geographic, di-
rectional geographic, absolute climatic, and directional climatic
distances for explaining fitness variation among populations at
each common garden. Both geographic distance metrics com-
prised longitudinal and latitudinal distance, but because longi-
tudinal distance contributed little explanatory power (Table S5),
we focus on regressions of fitness ~ latitudinal distance. Abso-
lute and directional precipitation distances contributed little ex-
planatory power to our climatic models (Table S5). Directional
temperature distance explained substantial variation in fitness
at the gardens, but because directional temperature and direc-
tional latitudinal distance were tightly correlated (r = —0.95;
Table S4), we focus on latitudinal distances below but include
temperature information in figures and text to aid in interpretation
(full climatic distance results can be found in Tables 1 and S5).
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Quadratic distance terms used in directional distance models con-
tributed little explanatory power (Table S5).

Averaged across gardens, directional latitudinal distance was
the best predictor of population mean fitness (mean R> = 0.40),
and greatly outperformed absolute measures of distance (Fig. 3;
Tables 1 and S5). However, the better predictive ability of di-
rectional latitudinal distance was primarily driven by the two
southern gardens, IL and MO. Absolute and directional latitudi-
nal distance explained similar amounts of fitness variation at MN
(R?> = 0.19 and 0.18, respectively), which is expected given that
the MN garden is near the northern edge of the population sam-
pling area and absolute and directional latitudinal distances were

almost perfectly correlated (r = —0.996; Table S4). Neither dis-
tance metric explained an appreciable proportion of fitness varia-
tion at IA (both R? < 0.07, P > 0.1). At the two southernmost
gardens, IL and MO, population mean fitness was much bet-
ter predicted by directional than by absolute latitudinal distance.
The importance of using directional distance was particularly ap-
parent at IL—although absolute latitudinal distance explained
minimal fitness variation among populations at IL (adjusted
R? =0.00), directional latitudinal distance predicted fitness varia-
tion very well (R* = 0.68). At both IL and MO, there was a strong
trend of populations originating from warmer and more southern
regions than the gardens having the highest mean fitness.
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Table 1. ANOVA tables for final models of the linear regressions of fitness ~ distance at each garden.

R?>  Average R®

MO

R2

IL

R2

R2

MN

Term

2924

~ N o < o
S =) =) =) =)
~ N ) N o
N IS\ NS <+ <
S S =) =) S
— — —
— — o =) =)
S S S S S
=] =) =] o o
\ \ \
~~ ~~ ~~ ~~
ntTo oo ~o D o~
S oo TN \Y N
— O — 0O QNN — O S
| ~ — on O\ — <t on N
Tv|vTv —
o o 0 =) )
S S o N i
=) ) =) =) o
— —
o~ [oN o I o
) Q S S S
=] o =] S =)
\ \
~~ ~~ ~~ ~~
NSt oo o o In —
SO S S S o
S S NG o~ o~
T = O — — T
= — — ~ —
|
o o ) o I
=) S S S S
S =) S =) S
) I ) ~ %)
o \O — g N
S S =) =) =)
~~ ~~ ~~ ~~
RN RS ) ©n
— Ny~ 2
S St SIS n o~
T~ AN —=Q N
\-/l\-/ N
o o ) ~ <
o =) o
on
N I o — Te)
=) =) S ) =)
=) ) S =) S
o~ ~ —
n o <« 0 © n in foN
— QR S N o
S S n < O S )
T = — — ~ N — ~—
| I = |
el
s
i+ L 3 L
= S S =
VL
Q ~ > N RS N
g = 3 S S B
S 35 5 ) S S
2 = IS g o £
A S S &8 & &
Q Q
& 2
|3 & 3} =
= 0 8 S 8 o5 =
< = =
] 5 0.8 &5 & =
5 =gB o= E =
irs) 172} O A = (3}
S 8 g g o 5=
m < ) < ()

EVOLUTION DECEMBER 2022

(26.09)

(27.53)

(23.72)

(8.94)

climatic

Note: Reported are adjusted R?. All P-values are from F tests with 1, 20 df. ANOVA tables for full models including all predictors are in Table S5.

SPATIAL SCALE OF ADAPTATION

We quantified the spatial scale of adaptation at each garden as the
slope of the linear regression of population mean fitness on direc-
tional latitudinal distance (Fig. 3b). This slope thus represents the
predicted change in fitness with distance at each common garden.
Slopes were generally shallow, indicating a large spatial scale of
adaptation (mean absolute slope averaged across gardens = 57
fruits 100 km~!'; about 5%—10% of mean total fruit produc-
tion, depending on the garden). There was substantial variation
in slopes among gardens when modeled using absolute fitness
(slope + SE: MN = —13.5 4+ 6 fruits 100 km™'; TA =22.8 £ 15;
IL = 102.5 £ 15; MO = 89.3 + 14). When we scaled garden
mean fitness to account for fitness variation among gardens, abso-
lute slopes did differ among gardens (garden x directional latitu-
dinal distance F3 gy =2.99, P = 0.036), but this was driven by the
IA garden having a comparatively shallow slope. Slopes were sta-
tistically indistinguishable (all Tukey-adjusted P > 0.6 for pair-
wise contrasts) in the three gardens where directional latitudinal
distance explained appreciable fitness variation among popula-
tions (absolute slope £ SE: MN = 0.09 £ 0.03; IL =0.12 £ 0.03;
MO = 0.13 £ 0.03).

LIFE HISTORY STAGES UNDERLYING FITNESS
VARIATION

To identify the life history stages most strongly affecting life-
time fitness differences among populations, we partitioned life-
time fitness into three stages: probability of surviving to 4 weeks
post-planting, probability of fruiting given that a plant survived,
and number of seeds produced given that a plant fruited. We
found that early plant survival was high for all populations and
all gardens and thus contributed little to either among-population
or among-garden differences in plant fitness (Fig. 4). Similarly,
at the three most southern gardens, nearly all plants that sur-
vived fruited. By contrast, there was a strong relationship be-
tween probability of fruiting in the MN garden and directional lat-
itudinal distance, where plants from lower latitudes generally had
delayed phenology (Fig. S4) and were much less likely to pro-
duce mature fruits before the end of the growing season (Fig. 4).
The most consistent contributor to among-population fitness dif-
ferences was number of fruits produced (i.e., fecundity)—at MN,
IL, and MO, populations sampled from more southern locations
tended to produce more fruits per individual than populations
sampled from more northern locations (Fig. 4).

Discussion

The study of local adaptation provides insight into the spatial
scale of adaptive differentiation, the influence of selection versus
other processes on evolution, and the environmental drivers of
population differentiation (Savolainen et al. 2007; Whitlock
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Figure 4. Relationships between conditional fitness components (Plearly survival], P[fruiting], and number of fruits) and directional
latitudinal distance for each common garden. Early survival and fruiting were modeled with logistic regression, and fruit number with

linear regression. ANOVA results are in Table S6. Points represent population means. Shaded ribbon is the 95% confidence band, and the
dotted line represents garden location (i.e., is at 0 km distance). For logistic regressions, the pseudo-R? is based on differences between
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2015; Briscoe Runquist et al. 2020). Understanding geographic
patterns of fitness and the scale of adaptation is also central to
predicting how populations will respond to a changing climate
(Aitken et al. 2008; Anderson 2016). To understand spatial pat-
terns of adaptation to climate in common ragweed, we performed
a reciprocal transplant experiment at four common gardens with
22 populations sampled across a large portion of ragweed’s
geographic range in the central United States. We found that (1)
there was evidence for local adaptation at the northern edge of
the range, but not at the other gardens; (2) directional latitudinal
distance between populations and gardens was the best predictor

of population mean fitness; (3) the scale of adaptation to climate
in ragweed is large, but climate change has already caused some
populations to be in disequilibrium with their environment, with
southern populations outperforming local populations; (4) the
life history stages underlying adaptation were strongly dependent
on the location of the common garden within the species’ range.
Our results suggest that climate change has already disrupted
local adaptation in some regions and emphasize that directional
measures of distance may often be essential for understanding
patterns of fitness and predicting species’ responses to climate
change.
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The spatial scale of adaptation reflects a balance between
local selection pressures driving adaptive divergence and gene
flow homogenizing populations (Slatkin 1987; Richardson et al.
2014). Although many transplant experiments have been con-
ducted, only a few have provided a quantitative assessment of
the spatial scale of adaptation (Antonovics and Bradshaw 1970;
Galloway and Fenster 2000; Sexton et al. 2013; Anderson et al.
2015; Wright et al. 2017). We were interested in quantifying
adaptation across a broad climatic gradient to examine adaptive
responses to historical climate and inform predictions of re-
sponses to climate change. Across the gradient sampled in our
experiment, adaptation in ragweed occurs at a spatial scale of
hundreds of kilometers. In IL, the garden with the steepest rela-
tionship between fitness and distance, our model predicted fitness
to decrease by about one fruit per kilometer; thus, it would take
~800 km for fitness to decline 50% from its predicted maximum
(Fig. 3b). Adaptation at such a large spatial scale likely reflects
both the high rates of gene flow among native populations of rag-
weed (Hamali et al. 2020), which tend to produce large amounts
of wind-dispersed pollen, and the fact that the main agent of se-
lection captured by our sampling design, climate, varies at rela-
tively large scales.

Although the spatial scale of adaptation in ragweed is large,
our results indicate that the sheer magnitude of climate change
will nonetheless lead to local maladaptation of many ragweed
populations. For example, the temperature in our gardens was
approximately 1°C warmer than historical averages, which is
roughly equivalent to moving 165 km south along the latitudinal
gradient from which we sampled. In the two most southern gar-
dens, IL and MO, this temperature increase is what presumably
led to source populations from warmer climes outperforming lo-
cal populations. This mirrors the expectation shown in Figure 1b,
where peak fitness is shifted away from zero (local populations)
and toward populations sourced from warmer climes (note that in
our experiment, we captured a linear section of the quadratic re-
lationship shown in Fig. 1b; with more populations sourced from
further south a quadratic relationship may have emerged). Simi-
lar signatures of climate change were revealed in a recent meta-
analysis of transplant experiments, where population home-site
advantage decays with increasing differences between contem-
porary and historical temperatures (Bontrager et al. 2020). In our
experiment, the deviation from climatic norms explains, in part,
why directional latitudinal distance was a far better predictor of
lifetime fitness than absolute latitudinal (or Euclidean) distance.
Climate change has and will continue to push ecological systems
toward disequilibrium. As the climate warms, the adaptive differ-
ences between populations sourced north and south of a garden
will be highly consequential, and the use of directional measures
of distance will be necessary to understand shifted patterns of
adaptation (Fig. 1b).
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Our experiment also uncovered substantial among-garden
differences in local adaptation and the life history stages under-
lying adaptive differentiation. In IA, we found no signal of local
adaptation or maladaptation to climate, suggesting fitness varia-
tion among populations may be due to selective agents varying
at finer scales than those captured in our study. Local adaptation
was apparent only in the most northern garden, MN, whereas lo-
cal maladaptation was evident in the two southern gardens, IL
and MO. However, all gardens experienced similar temperature
deviations during the experiment—why was local maladaptation
only visible in IL and MO? Our analyses of separate life history
stages help to answer this question. In MN, IL, and MO, south-
ern source populations had higher fecundity than northern popu-
lations. In IL and MO, this resulted in populations sourced from
south of the gardens outperforming local populations, presum-
ably because the southernmost source populations had the great-
est capacity to increase fecundity during the warm weather of the
experiment. In MN, however, plants from southern populations
were much less likely to produce fruit than plants from northern
populations because southern populations flowered considerably
later in the growing season (Fig. S4), which left little time for
fertilization and fruit set before fall frost.

The latitudinal gradient in flowering phenology arises pre-
sumably due to adaptive differences in phenological cues based
on photoperiod (Allard 1945; Thomas and Vince-Prue 1996;
Deen et al. 1998; Leiblein-Wild and Tackenberg 2014; Gorton
et al. 2019). Thus, adaptation to photoperiod cues led to the main-
tenance of local adaptation in MN. However, it is important to
note that the strength of local adaptation in MN was modest, with
distance from the common garden only explaining about 20% of
the variation in fitness among populations. Even though the phe-
nological advantage of local populations was strong, the advan-
tage was partially offset by the increased fecundity of southern in-
dividuals that fruited. The signal of local adaptation in MN may
have been especially weak because the year of our experiment
had the latest first frost on record for that locale (MN DNR 2017).
The extended growing season likely allowed a higher propor-
tion of southern genotypes to successfully fruit than would have
with a typical first frost date, thereby weakening the fitness ~
distance relationship in that garden. Thus, longer frost-free peri-
ods due to climate change may increasingly weaken local adap-
tation of northern ragweed populations.

A common prediction is that as climate warms, populations
may shift northward and track the climatic envelope to which
they are currently adapted, a prediction that has already borne
out for some species (Chen et al. 2011; Rumpf et al. 2018). Our
results from the two southern gardens suggest that individuals
from southern populations that migrate northward will likely do
well across much of the range and may outperform local popu-
lations. However, at the northern edge of the range, the growing
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season may lengthen with climate change, but daylength will
not, and the fitness of southern populations migrating northwards
will largely depend on adaptive evolution of flowering cues
(e.g., Griffith and Watson 2006). Taken together, our results
suggest that in response to a changing climate, more southerly
populations of ragweed might shift northward, or gene flow from
southern populations may accelerate adaptation of more central
populations to warmer conditions, potentially resulting in greater
fecundity and larger populations. By contrast, without adaptation
in phenological cues, daylength at the edge of the range may act
as a barrier to range expansion (assuming daylength remains an
accurate cue for probability of frost). Thus, climate change could
conceivably lead to a contraction of ragweed’s geographic range,
as populations migrate northward, but migration at the northern
edge is prevented or slowed by constraints on adaptation to pho-
toperiod. These results highlight the important observation that
the environment, and thus adaptation, is multivariate (Antonovics
1976; Benning and Moeller 2019), and populations’ responses
to rising temperature, either via migration or adaptation, will
interact with other important axes of adaptation and will likely
differ from predictions based solely on climatic change.

In summary, our work underscores that many populations
are not in equilibrium with their environment. Climate change
is already disrupting local adaptation, although population re-
sponses and the traits and life history stages underlying local
adaptation will likely differ across regions of a species’ range.
Thus, employing multiple common gardens across a large por-
tion of a species’ range is essential in experiments seeking to
understand spatial patterns of adaptation. The inclusion of many
source populations is also valuable in such studies, as it enables
one to treat distance as a continuous, as opposed to categorical
(e.g., home vs. away), predictor in analyses, resulting in a quan-
tifiable estimate of the spatial scale of adaptation as the change
in fitness per unit distance. Furthermore, the use of directional,
as opposed to absolute, measures of distance will be key to iden-
tify disrupted patterns of local adaptation. Moving forward, in-
formation gleaned from common garden studies like ours can in-
form better predictions of species range shifts and the responses
of populations to climate change.
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predicted from a model built using the 9 “focal” populations (teal points).

Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1. Population mean number of fruits regressed on directional latitudinal distance at each garden, for surviving individuals in the nine “focal”
Figure S2. Proportion of surviving plants with mature fruit at 16 weeks for the 13 “extra” populations, based on observed data (red points) and values

Figure S3. Mean lifetime fitness regressed on directional latitudinal distance.

Figure S4. The effect of source population latitude on developmental stage at 12 weeks (mean & SE) at each common garden.

Table S1. Description of populations included in the latitudinal reciprocal transplant experiment.

Table S2. Location of common gardens and garden growing season temperature and precipitation during the experiment year (2016).

Table S3. Vegetative and reproductive scoring that was used on each individual plant at weeks 4,8,12 and 16.

Table S4. Pearson correlation (r) among distance metrics used in the analyses, for all gardens together (top row in each cell) and individual gardens.
Table S5. ANOVA tables for linear regression models at each garden, with separate models for Euclidean, absolute geographic (decomposed into latitude
and longitude) directional geographic (latitude and longitude), and absolute and directional climatic (temperature and precipitation) distances as predictors.
Table S6. ANOVA tables for life history stage analyses at each common garden.
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