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When plant populations show local adaptation along climatic gradients, climate change 
may displace them from their current fitness optima. Unclear is whether foreign genotypes 
originating from sites that approximate future climatic conditions can attain higher fitness 
and support existing populations, because foreign genotypes may lack important adapta-
tions to other local conditions besides climate. We conducted a fully reciprocal transplant 
experiment with the winter annual Biscutella didyma across four sites along a steep natural 
rainfall gradient in Israel. It experienced an exceptional drought event that approximated 
future climatic conditions. This unique opportunity allowed to test whether genotypes 
transplanted from drier sites outperform local genotypes under a drier climate. The four 
population origins showed consistent clines in germination fraction, phenology, and veg-
etative biomass that suggest local adaptation along the rainfall gradient. In terms of fitness 
(survival, seed number), however, local origins were outperformed by genotypes originat-
ing from the next-drier site along the gradient. Our results suggest that the experienced 
drought conditions favored origins from drier conditions over local origins despite local 
biotic interactions. Genotypes originating from drier sites may thus support existing popu-
lations and reduce their vulnerability to climate change. Moreover, we conceptualize under 
which conditions foreign genotypes may benefit local populations in general, which adds 
to clarify the importance of local adaptation to climatic and nonclimatic factors for popula-
tions under climate change. 

Keywords: aridity gradient, assisted migration, biotic interactions, climate change 
adaptation, disrupted local adaptation, Mediterranean annual species

Introduction

Local adaptation is common among plant species (Leimu and Fischer 2008, Hereford 
2009, Baughman et al. 2019, Lortie and Hierro 2022) and often found along natural 
climatic gradients (Davis and Shaw 2001, Midolo and Wellstein 2020, Johnson et al. 
2021). This implies that local genotypes are better adapted to the local climate and 
therefore attain, on average, higher fitness than foreign genotypes originating from 
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other climatic conditions (the ‘local versus foreign criterion’; 
Kawecki and Ebert 2004, Savolainen et al. 2013). However, 
ongoing climate change may displace locally adapted popula-
tions from their current climatic fitness optima and reduce 
plant fitness and population growth across large parts of 
a species’ range (Davis and Shaw 2001, Anderson 2016, 
Anderson and Wadgymar 2020). Modelling studies have sug-
gested accordingly that local adaptation may render species 
more vulnerable to climate change (Atkin and Travis 2010, 
Valladares et al. 2014, DeMarche et al. 2019).

The potential mismatch between current adaptation and 
future climate may in theory be compensated by immigra-
tion of genotypes that are pre-adapted to future climatic con-
ditions, e.g. from warmer or drier sites. This assumption is 
implicit in many species distribution models (Valladares et al. 
2014, Urban 2015, Warren et al. 2018). However, it has been 
cautioned that an isolated focus on climatic parameters may be 
biased as it ignores important nonclimatic factors of the local 
environment (Walther 2010, Bucharova 2017, Greiser et al. 
2020). For example, sites differing in climate are also likely 
to differ in other factors such as soil properties (Zwikel et al. 
2007, Greiser et al. 2020) and various biotic factors. The latter 
comprise e.g. interactions of plants with soil microbiota (Van 
der Putten et al. 2010, Pugnaire et al. 2019, Hamann et al. 
2021), pollinators, and herbivores (Hamann et al. 2021), as 
well as competition and facilitation among plants (with often 
intensified competition in more benign sites; Bertness and 
Callaway 1994, He et al. 2013). Namely the biotic factors are 
likely to change further with climate change (Pugnaire et al. 
2019, Hamann et al. 2021). Importantly, if these nonclimatic 
factors modulate local adaptation independently of climate, 
there might be no fitness advantage for immigrating geno-
types that are pre-adapted to a future climate. Predictions 
based on climatic parameters alone would then overestimate 
the benefit of migration. It is therefore crucial to test whether 
genotypes originating from sites that approximate a future 
climate may indeed attain higher fitness than local genotypes 
under climate change conditions.

Here, we performed a test using a reciprocal transplant 
experiment across four sites along a steep natural aridity 
gradient in Israel, where mean annual rainfall is the key cli-
matic factor determining plant community structure across 
sites (Golodets et al. 2013, Tielbörger et al. 2014). An asset 
of our experiment was that numerous earlier studies con-
ducted along the same gradient provided a wealth of back-
ground information. For example, ecotypic differentiation 
along the gradient in drought-related traits has been demon-
strated in many plant species under common garden condi-
tions (Petrŭ et al. 2006, Kigel et al. 2011, Kurze et al. 2017, 
Metz et al. 2020, Penner et al. 2020), suggesting that local 
adaptation to rainfall conditions is common. However, sites 
along this gradient differ also in nonclimatic factors, includ-
ing soil properties (Zwikel et al. 2007, Talmon et al. 2011) 
and biotic interactions. Namely, plants in wetter sites often 
experience intensified competition (Schiffers and Tielbörger 
2006, Metz and Tielbörger 2016) and probably stronger 
herbivory (Metz  et  al. 2014). Competition and plant–soil 

interactions even overrode rainfall effects on plant perfor-
mance in some studies along the gradient (Tomiolo  et  al. 
2015, Rysavy et al. 2016). Lacking adaptation to these local 
nonclimatic factors might therefore compromise the fitness 
benefit of foreign genotypes independently of climate.

With climate change, the study region expects a further 
reduction in rainfall by approx. 10–40% (depending on climate 
scenario and sub-region) during the 21st century, including 
stronger and more frequent drought events (Hochman et al. 
2018, 2020). An outlook on such conditions occurred dur-
ing our study where an exceptional drought event reduced 
rainfall amounts substantially during the main growing sea-
son along the entire gradient (Israel Meteorological Service 
2014a). The drought provided us with the unique opportu-
nity to study potential climate change effects. In particular, it 
allowed testing whether climatic factors override nonclimatic 
factors in shaping local adaptation along the rainfall gradi-
ent. If this was the case, the drought event should shift the 
fitness optimum to a certain extent away from a site’s local 
genotypes (Fig. 1) and toward genotypes from relatively drier 
origins (Davis and Shaw 2001, Anderson and Wadgymar 
2020). This would be in line with species distribution models 
assuming that dispersal along climatic gradients can buffer 
climate change effects on populations (Valladares et al. 2014, 
Urban 2015, Warren et al. 2018).

Under exceptional conditions as in our case, the ‘local 
versus foreign criterion’ for plant fitness (Kawecki and Ebert 
2004) may not reliably indicate whether populations had 
been locally adapted before, i.e. to former average climatic 
conditions. However, locally adapted populations should 
differ in functional traits that reflect adaptive strategies. 
Demonstrating clines in climate-related functional traits may 
then support the assumption that the studied populations 

Figure 1. Hypothesized displacement of locally adapted populations 
under climate change in our experiment. 1) Four sites along a rain-
fall gradient (Arid, Semi-Arid, Mediterranean, Mesic-
Mediterranean), where 2) the origin with the highest fitness is the 
corresponding local origin (in lower-case letters); however, 3) 
increasing drought with climate change shifts the fitness optima 
away from local origins toward drier origins along the gradient 
(here: the next-drier origins). Hypothesizing that specifically the 
next-drier origins outperform local origins is admittedly coarse and 
owed to our categorial design with four sites and origins. However, 
it is conservative and therefore robust because comparing primarily 
local with next-drier origins does not rule out that other, even-drier 
origins performed well in some cases. Identifying the optimal origin 
more precisely requires extensive transplant experiments with 
numerous origins and precisely quantifying the magnitude of 
drought, which is challenging for extreme events.
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had been locally adapted to former climatic conditions and 
elucidate underlying mechanisms (Kawecki and Ebert 2004, 
Savolainen et al. 2013). Along aridity gradients, theory pre-
dicts for example that plants from drier sites express increased 
seed dormancy to hedge against more frequent unfavorable 
years (Cohen 1966, ten Brink et al. 2020), earlier flowering to 
ensure reproduction during shorter growing seasons (Cohen 
1976, Kigel et al. 2011), and lower vegetative biomass due to 
slower growth under stress (Grime 1977, Reich 2014). For 
these traits, a number of previous studies have demonstrated 
corresponding clines in several species along our study gradi-
ent (Kigel et al. 2011, Kurze et al. 2017, Penner et al. 2020) 
including our study species (Petrů et al. 2006, Lampei et al. 
2017, Metz et  al. 2020). However, these studies have been 
done under controlled conditions that excluded important 
nonclimatic factors such as biotic interactions. It is there-
fore unclear whether the observed clines in functional traits 
persist under natural field conditions with complex biotic 
interactions. 

For the present reciprocal transplant experiment across 
four sites, we therefore assessed by functional traits whether 
the four population origins were locally adapted to their for-
mer average climatic conditions along the rainfall gradient. 
Accordingly, we hypothesized that plants from drier origins 
express higher dormancy, earlier flowering and smaller veg-
etative biomass in the field sites. Assuming that local adap-
tation was present, we further tested whether the drought 
conditions in our experiment provided a climatic fitness 
advantage to relatively drier origins that overruled the adap-
tation of local origins to nonclimatic factors. As this climatic 
advantage may diminish again for origins from too arid sites, 
our main hypothesis was that namely the origins from adja-
cent, next-drier sites outperform the local origins (illustrated 
in Fig. 1).

Material and methods

Field sites

We chose four sites across approx. 240 km of a steep natu-
ral rainfall gradient from north to south Israel (Fig. 2). They 
share the same Mediterranean-type climate with mild, rainy 
winters and hot, rainless summers, yet receive 780 mm 
(mesic-Mediterranean, MM), 540 mm (Mediterranean, 
M), 300 mm (semi-arid, SA), and 90 mm (arid, A) mean 
annual precipitation, respectively. The average length of the 
rainy growth season declines from MM (October–May) to 
A (December–March). Inversely, rainfall variability among 
years increases from MM (25% coefficient of variation) to 
A (40% CV). Most other abiotic characteristics are similar 
among sites, including altitude (470–620 m a.s.l.), mean 
annual temperature (17.7–19.1°C), and bedrock (lime-
stone), notwithstanding some site-specific differences in soil 
texture, soil organic carbon and CaCO3 (Zwikel et al. 2007).

All sites are semi-natural shrublands typical for the region 
with annual plants dominating the open spaces between shrubs. 

The rainfall gradient produces a steep productivity gradient 
where density and biomass of vegetation increase consistently 
with annual rainfall (Golodets  et  al. 2013, Tielbörger  et  al. 
2014). Shrub cover increases from < 5% in A to ca 70% in 
MM and the herbaceous cover between shrubs increases from 
0–15% in A to up to 100% in MM (details in the Supporting 
information). Alongside, competition intensifies toward wet-
ter sites (Schiffers and Tielbörger 2006, Metz and Tielbörger 
2016), although competition intensity may vary among years 
(Ariza and Tielbörger 2011, Metz and Tielbörger 2016).

Study species

Biscutella didyma (Brassicacea) is a medium-sized 15–30(60) 
cm winter annual of Mediterranean and Irano-Turanian 

Figure 2. The four study sites are located along a steep natural pre-
cipitation gradient from north to south Israel (adapted from 
Tielbörger et al. 2014).
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distribution that spans ca 100 to >1000 mm mean annual 
rainfall (Feinbrun-Dothan and Danin 1998). It is primarily 
selfing (Boaz et al. 1990) and produces fruits with a single, 
rather large (ca 0.7 mg) seed (Feinbrun-Dothan and Danin 
1998, Metz et al. 2010). Biscutella didyma is one of few spe-
cies occurring in all our four sites, while remaining a typical 
subordinate species that does not attain dominance in any 
of our sites. Greenhouse studies that excluded biotic interac-
tions showed clinal variation among populations along the 
rainfall gradient in various climate-related traits such as seed 
dormancy, phenology, stomata density, vegetative growth 
and reproductive allocation (Petrů et al. 2006, Lampei et al. 
2017, Metz et al. 2020). 

Reciprocal transplant experiment

For obtaining seed material, seeds of 100 naturally occurring 
B. didyma individuals (genotypes) that grew at least 1.5 m 
(usually more) apart were collected in each field site within 
approx. 0.5 ha area in April 2012 and bagged separately per 
genotype for a parallel study (Metz  et  al. 2020). We then 
raised one generation with one offspring per genotype under 
standardized greenhouse conditions with regular watering in 
Tübingen, Germany, where cross-pollination was prevented 
among genotypes (details in Metz et al. 2020). In this way, 
we minimized potential parental effects from field conditions 
and amplified seed material. Additionally, this prevented con-
founding of germination fractions with seed viability because 
B. didyma produces virtually 100% viable seeds under regular 
watering (Lampei  et  al. 2017). Subsequently, we randomly 
chose 35 genotypes originating from site MM, M and SA, 
and 32 genotypes from A, where fewer genotypes had germi-
nated from field collected seeds, resulting in 137 genotypes 
in total.

For the full-factorial reciprocal transplant, we planted these 
137 genotypes in all four sites with one transplant per geno-
type per site (total n = 548), i.e. all four origins mm, m, sa, 

a (origins hereafter denoted by lower case letters) in all four 
sites MM, M, SA, A (sites hereafter denoted by upper case 
letters). Per transplant, 15 intact seeds of one genotype were 
sown in July 2013 within one small spot of 5 cm diameter (ca 
20 cm²) that was surrounded by a small plastic ring, covered 
thinly with local soil and subsequently covered with transpar-
ent fabric (organza) nailed to the ground (Fig. 3a). This tim-
ing mimicked the natural life-cycle where seeds produced in 
spring experience several months of hot, dry summer condi-
tions for natural after-ripening and breaking transient sum-
mer dormancy. The ring and organza kept seeds in place until 
the rainy season commenced in autumn (Ariza and Tielbörger 
2011). The organza cover was removed after the onset of the 
rainy season (in mid-December 2013 at all sites), while the 
rings remained throughout the experiment to help identifying 
target plants (Fig. 3B–C). Approximately two weeks after com-
pleted germination (10–12 January 2014), emerging seedlings 
were thinned to one random target individual per transplant 
(i.e. the one closest to the center of the ring). Natural sur-
rounding vegetation was not altered throughout the experi-
ment to ensure site-specific plant–plant interactions (Fig. 3).

The 137 transplants in each site were arranged in 4–13 
patches of similar herbaceous vegetation outside of shrub 
canopies. The patches contained equal numbers of genotypes 
per origin in randomized order and accounted for spatial 
heterogeneity and availability of space within sites (Fig. 3B). 
However, 29 transplants in site MM were fully destroyed by 
wild boar at the start of the vegetation season (5, 6, 8, 10 
from origins mm, m, sa, a, respectively), while the organza 
fabric of many other transplants in MM were slightly dam-
aged, presumably by seed-eating birds.

Weather conditions

The weather during the transplant experiment was marked 
by two extremes. First, the start of the vegetation season in all 
four sites was dominated by extremely heavy rainfall mixed 

Figure 3. (A) Four out of 137 rings (5 cm diameter) in the mesic-Mediterranean site after set-up in July 2013. Each ring contained 15 seeds 
of a single genotype and was covered with organza fabric until the onset of winter rains. (B) A patch in the semi-arid site in April 2014 with 
typical surrounding vegetation. (C) A fruiting target individual of Biscutella didyma (center, left of the blue label) in the mesic-Mediterra-
nean site at peak growth season in late March 2014; note the dense surrounding vegetation in this site in (A) and (C). Photo credit: J. Metz.
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with snow in mid-December 2013 (Israel Meteorological 
Service 2014b, Supporting information). It triggered the 
main germination event nearly simultaneously in all sites, 
although some minor rainfall had occurred earlier in October 
and November in sites M and MM without triggering ger-
mination. Second and most importantly, an exceptional 
drought occurred in the main growing season from January 
to mid-March. It lasted for 2.5 months and was the most 
severe drought during that period since official records 
began in Israel more than 70 years ago (Israel Meteorological 
Service 2014a). In January and February, the sites A, SA, M, 
MM received only 7, 7, 22, 104 mm rainfall, respectively 
(Supporting information) which corresponded to approx. 
6–20% of the average rainfall for that period per site (Israel 
Meteorological Service 2014a). Many target plants desiccated 
during that period. Late-season rainfall after the drought 
(March–April) was about average (Supporting information).

Measured plant traits

Plants were inspected weekly throughout the growth season. 
We measured three functional traits germination fraction, 
days to first flower and vegetative biomass to assess clinal 
ecotypic differentiation among origins as indication for local 
adaptation to former average climatic conditions. Fitness 
of the transplants was quantified by survival (from seedling 
stage to reproduction) and seed number.

Germination fraction was the proportion of seedlings that 
emerged from the 15 sown seeds per transplant. It can be 
interpreted as the inverse of between-year seed dormancy 
(Cohen 1966, Tielbörger et al. 2012, ten Brink et al. 2020) 
when ungerminated seeds are known to be viable (as was 
shown earlier for B. didyma; Eberhart and Tielbörger 2012, 
Lampei  et  al. 2017). Virtually all germination occurred 
within three weeks after the major rain event in mid-Decem-
ber and later inspections yielded no additional seedlings. 
Days to first flower was the number of days from the main 
germination wave to the first open flower of the remaining 
target plant after thinning, based on the weekly inspections. 
It indicated the phenological transition from the vegetative 
to the reproductive stage and quantified the speed of the life 
cycle (Cohen 1976, Kigel et al. 2011). Note that sample size 
was ca 50% lower for that trait because many plants died 
before flowering during the drought. Vegetative biomass 
quantified growth and included all aboveground parts except 
seeds. It was weighed after 24 h drying at 60°C after a target 
plant had died naturally either before or after reproduction. 
Approximately 10% of the target plants had missing values 
because they had vanished before sampling (e.g. eaten or 
blown away by wind).

Survival (from seedling stage to reproduction, hereafter 
survival for brevity) assessed whether the target seedling that 
remained after thinning had reached seed production or died 
before producing seeds (1/0, respectively). Hence, survival 
assessed the fitness component of whether genotypes were 
able to contribute any seeds (regardless of number) to the 
next generation after the drought year (Violle  et  al. 2007). 

Seed number was the total number of seeds produced per 
individual including dead plants with zero seeds. Seed size 
and hence seed quality differs little between the studied pop-
ulations (Metz et al. 2020). Seed number therefore summa-
rized well the life-time fitness from the seedling stage to death 
within the annual life-cycle. 

Statistical analyses

All analyses were done in R ver. 4.0.3 (www.r-project.org).
We first tested for all five traits whether their expression 

differed among the four planting sites along the rainfall gra-
dient and among the four origins by calculating mixed effect 
models separately per trait. These five models included the 
same categorical fixed effects site (MM, M, SA, A), origin 
(mm, m, sa, a), and their interaction; the crossed random 
effects patch and genotype accounted in all models for spa-
tial heterogeneity among patches within a site and for the 
none-independence of transplants descending from the same 
genotype (one within each site), respectively. Other model 
specifications were adjusted for matching the data type of 
the trait in question and corresponding model assumptions. 
Namely, germination fraction (proportional data of germi-
nated seeds out of 15 seeds per transplant) was analyzed with 
a generalized linear mixed model (glmm) with binomial error 
distribution and logit link function with function glmer in 
package ‘lme4’ (Bates et al. 2015). This model included an 
additional observation-level random effect (transplant) to 
correct for mild overdispersion (ratio 1.92) (Bolker  et  al. 
2022). Days to first flower (continuous data, untransformed) 
and vegetative biomass (continuous data, log-transformed) 
were analyzed with linear mixed models with Gaussian error 
distribution in function lmer in package ‘lme4’ (Bates et al. 
2015). Survival (binomial data 0/1) was analyzed with a 
glmm with binomial error distribution and logit link func-
tion (no overdispersion) with function glmer in package 
‘lme4’ (Bates et al. 2015). Seed number (integer count data) 
was analyzed with a glmm with negative binomial error dis-
tribution and logarithmic link with function glmm.nb in 
package ‘MASS’ (Venables and Ripley 2002).

Importantly, a significant site × origin interaction in fit-
ness (survival, seed number) can indicate local adaptation 
when the ranking of origins differs among sites in a way that 
the corresponding local origin in each site performs better 
than other origins (Kawecki and Ebert 2004) – or according 
to our main hypothesis, in each site the corresponding next-
drier origin. However, testing for local adaption via site × 
origin has limited statistical power in full-factorial recipro-
cal transplants with more than two sites (Blanquart  et  al. 
2013). This is because the main test statistic (usually F or 
χ2) for the interaction term includes all site-origin combi-
nations even though most of them are not relevant for the 
hypothesis; the main test statistic is therefore calculated 
against unnecessary high numerator degrees of freedom 
(df = 9 in our case, Table 1).

As our principal, statistically stronger test for local adap-
tation, we therefore calculated a second set of models for 
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survival (binomial glmm with logit link using glmer in ‘lme4’ 
as above) and seed number (negative binomial glmm with 
logarithmic link using glmm.nb in ‘MASS’ as above). These 
models included the two categorial fixed effects site, rela-
tive origin (instead of origin), and their interaction, as well 
as the crossed random effects patch and genotype as above. 
Importantly, relative origin re-coded origins specifically for 
each site in three groups that directly reflected our main 
hypothesis (Fig. 1): ‘local origin’ (mm in MM, m in M, sa 
in SA), ‘next-drier origin’ (m in MM, sa in M, a in SA), and 
‘other origins’ (the two remaining origins per site). Using this 
coding, the main effect of relative origin assessed the fitness 
difference between these three groups. The main effect of 
relative origin (against only df = 2, Table 2) could therefore 
test directly our main hypothesis regarding local adaptation, 
i.e. whether local origins or the corresponding next-drier ori-
gins performed best across sites. This approach was inspired 
by – although not identical with – Blanquart  et  al. (2013) 
who showed that testing local adaptation does not require 
fully reciprocal transplantation and suggested instead test-
ing local genotypes against a sample of twice as many foreign 
genotypes. Note that the driest site A was excluded for these 
models because no ‘next-drier origin’ was available for that 
site. This was negligible as most values in this site were zeros 
as only 11 out of 137 transplants had reached reproduction.

To corroborate our grouping approach for relative origin, 
we ran supplementary tests whether drier origins outper-
formed local origins. These tests related the fitness differ-
ences among origins (relative seed number, relative survival) 
directly to the numerical differences in mean annual rainfall 
between the site of origin and the planting site (Supporting 
information).

Significance of fixed effects in all above models was assessed 
with Wald II X2 tests in the package ‘car’ (Fox and Weisberg 
2019). In case of significant main effects of site, origin or rela-
tive origin, posthoc tests identified contrasting levels within 
these factors using the package ‘multcomp’ (Hothorn et al. 
2008) with p-values corrected for false discovery rate sensu 
Benjamini and Hochberg (1995). Significance of the random 
effect genotype was assessed by likelihood-ratio tests of the 
models with versus without genotype.

Results

Clinal variation in functional traits

We found significant origin effects for all three functional 
traits germination fraction, days to first flower and vegetative 
biomass, with a clear clinal ranking among origins indicative 
of clinal ecotypic differentiation along the rainfall gradient 
(Table 1, Fig. 4A–C). Namely, plants from drier origins had 
lower germination fraction (i.e. higher dormancy), flowered 
earlier, and produced less vegetative biomass compared to 
plants from wetter origins (Table 1, Fig. 4A–C). This clinal 
ranking among origins was consistent across all sites, merely 
its magnitude differed between sites for days to first flower Ta
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and vegetative biomass (significant site × origin interactions, 
Table 1).

Furthermore, planting sites had significant main effects on 
germination fraction and days to first flower but not on veg-
etative biomass (Table 1, Fig. 4A–C). Overall, germination 
fraction increased from the driest site A (0.1–0.55 depend-
ing on origin) to SA (0.4–0.85) and M (0.5–0.9), and fell 
again in MM (0.25–0.7) (Fig. 4A); this pattern was posi-
tively related to the rainfall amount that a given site received 
during the germination phase in November and December 
(p = 0.033, Supporting information). Days to first flower dif-
fered significantly among sites but with no apparent pattern 
along the rainfall gradient (Fig. 4B). Vegetative biomass was 
overall similar across sites (Fig. 4C). 

Fitness and local adaptation

Averaged across all four origins, both fitness traits (sur-
vival, seed number) increased from the driest planting site 
A (approx. 10% survival and one seed per plant) to the wet-
test site MM (approx. 90% survival and six seeds per plant) 
(Fig. 4D,E). The statistical main effect of site indicated that 
this increase was significant and steady for three out of four 
sites (A, SA, MM). The remaining site M did not fully fit that 
increase because survival and seed number were only second 
lowest and similar (seed number) or only slightly higher (sur-
vival) to the driest site A (Table 1, Fig. 4D–E).

A significant main effect of origin for survival and seed 
number indicated that the wettest origin mm had overall 

Table 2. Results of mixed models testing the fitness response of Biscutella didyma plants in three planting sites and depending on their rela-
tive origin along the rainfall gradient: local origins are plants originating from the same site, next-drier origins originated from the corre-
sponding next-drier site, other origins originated from the two remaining sites. 1The local relative origin was intermediate, yet marginally 
(p = 0.089) not significantly separated from other and next-drier origins. *p < 0.05, **p < 0.01, ***p < 0.001.

Planting site (df = 2) Relative origin (df = 2)
Site × relative 
origin (df = 4)

Total n  χ2 p-value
Post hoc 
contrasts  χ2 p-value Post hoc contrasts  χ2 p-value

Survival 357 17.00 0.00020*** M < SA,MM 14.36 0.00076*** other,local < 
next-drier

8.30   0.081

Seed number 356 34.07 < 0.0001*** M < SA < 
MM

14.09 0.00087*** Other <  
next-drier1
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lowest fitness in this experiment; the remaining three origins 
were overall not significantly different across sites (Table 1, 
Fig. 4D–E). However, the ranking of origins varied between 
sites, i.e. different origins had highest fitness in the four 
sites (Fig. 4D–E), which was underlined by a site × origin 
interaction for seed number (Table 1). Whether this ranking 
conformed with our hypothesis regarding local adaptation, 
however, was assessed by the more powerful models below to 
avoid false-negative conclusions. 

Our principal, more powerful test for local adaptation 
used models assessing the main effect of relative origin. This 
main effect was significant for both fitness traits survival and 
seed number (Table 2, Fig. 5). It indicated that next-drier 
origins had on average highest fitness (survival and seed num-
ber) across planting sites, followed by local origins, while 
other origins attained lowest fitness (Table 2, Fig. 5). This 
ranking among relative origins was largely consistent across 
sites as the site × relative origin interactions were (margin-
ally) not significant for survival (p = 0.08) and seed number 
(p = 0.1) (Table 2, Fig. 5).

Our supplementary analyses confirmed the above pattern 
(Supporting information). Relative seed number showed a 
significant unimodal shape (p = 0.019) that peaked where 
genotypes originated from sites with ca 250 mm lower mean 
annual rainfall than the planting site (Supporting informa-
tion). This number matched well the average rainfall differ-
ence to next-drier sites (230 mm). Relative survival increased 
linearly toward drier origins (p = 0.019) while the unimodal 
tendency was not significant (p = 0.15); i.e. the survival 
advantage for drier origins over local origins continued 
beyond the next-drier origin (Supporting information).

The random effect genotype was significant for all three 
functional traits germination fraction, days to first flower and 
vegetative biomass as well as for seed number (Table 1), indi-
cating that significant genotypic variation was present within 
the origins and contributed to the variation in functional and 
fitness traits.

Discussion

We found that genotypes transplanted from populations of 
next-drier sites (i.e. next-drier origins) attained higher fit-
ness than local genotypes in an exceptional drought year. 
This key result suggests that the drought year favored drier 
origins over local origins. Moreover, the four population ori-
gins expressed clinal variation in drought-related functional 
traits that persisted across all planting sites; i.e. plants from 
drier origins had higher dormancy, flowered earlier, and pro-
duced less vegetative biomass. These clines suggest that the 
populations possessed adaptations to different rainfall niches 
along the gradient that likely reflect local adaptation to for-
mer average rainfall conditions (Kawecki and Ebert 2004, 
Savolainen et al. 2013). Below, we will first discuss the clines 
in functional traits as the basis of our main hypothesis, and 
we then discuss our key result in the context of fitness under 
changing climate.

Clinal variation in functional traits

The observed lower germination fractions in plants from drier 
origins aligned with bet-hedging theory predicting greater 
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portions of dormant seeds in drier sites to buffer against more 
frequent unfavorable years (Cohen 1966, Tielbörger  et  al. 
2012, ten Brink  et  al. 2020). In fact, our study year with 
90% mortality in the driest site but only 10% mortality in 
the wettest site illustrates this greater risk from extreme years 
in drier sites. Furthermore, our germination results under 
field conditions confirmed earlier studies showing lower ger-
mination fractions of drier origins in Biscutella didyma under 
greenhouse conditions (Lampei et al. 2017, Metz et al. 2020) 
and in the field (Petrů and Tielbörger 2008). The same cline 
has been found in other species worldwide (reviewed by 
Cochrane et al. 2015) although not in all investigated species 
(Tielbörger et al. 2012, Metz et al. 2018).

Germination fractions varied also plastically across sites. 
The germination fractions increased for all origins by roughly 
40% from the arid to the Mediterranean site. This increase 
correlated with the rainfall amount that a given site received 
during the germination phase (Supporting information) and 
confirmed greenhouse studies where improved water avail-
ability likewise increased germination fractions (Lampei and 
Tielbörger 2010, Lampei et al. 2017). Our findings, obtained 
under natural field conditions, support Cohen’s (1967) the-
ory about ‘predictive germination’, i.e. that germination frac-
tions are adjusted plastically to the quality of the early season.

We also observed earlier flowering in plants from drier 
origins. This is expected in annual plants from drier sites for 
ensuring reproduction during shorter growing seasons before 
the onset of drought spells (Cohen 1976, Kigel et al. 2011). 
Earlier flowering is very well documented under controlled 
conditions with virtually no exception in annual species 
along rainfall gradients worldwide (Del Pozo  et  al. 2002, 
Kigel  et  al. 2011, Kurze  et  al. 2017, Penner  et  al. 2020), 
including our study species (Petrů  et  al. 2006, Metz  et  al. 
2020). Our results confirm that drier origins maintain earlier 
flowering also when transplanted to natural field conditions 
(Etterson 2004, Galliart et al. 2020). The importance of ear-
lier flowering for drought adaption was corroborated by selec-
tion analyses showing that earlier flowering confers higher 
fitness under drier conditions (Hall and Willis 2006) includ-
ing our species (Metz et al. 2020). Moreover, annual species 
rapidly evolved earlier flowering under intensified drought 
(Nguyen et al. 2016, Hamann et al. 2018, Lambrecht et al. 
2020), which was also shown for our study populations as an 
adaptative response to changing climate (Metz et al. 2020). 
Earlier flowering thus presents a well-supported adaptation 
to drier climates in annuals.

Plants from drier origins attained also less vegetative bio-
mass. This clinal trend was in line with our theoretical expec-
tation that adaptation to more stressful, arid sites comprises 
reduced vegetative growth (Grime 1977, Reich 2014). It con-
firmed similar clines in growth parameters observed for our 
study species in the greenhouse (Petrů et al. 2006, Metz et al. 
2020). Selection analyses under controlled conditions con-
firmed for our species that reduced investment in vegetative 
biomass is adaptive under drier conditions (Metz et al. 2020). 
Surprisingly, vegetative biomass was not significantly differ-
ent among sites along the gradient despite greatly differing 

rainfall. As our experiment maintained natural surrounding 
vegetation, this finding was most likely because the greater 
density and biomass of herbaceous neighbors in wetter sites 
(Tielbörger  et  al. 2014) imposed intensified competition 
(Schiffers and Tielbörger 2006, Liancourt and Tielbörger 
2009), underlining that biotic interactions play an important 
role in our study system.

The above independent lines of evidence from theory, 
similar observations, and selection analyses suggest that the 
observed clines in germination, phenology and vegetative 
growth provided plants from drier origins with better adapta-
tion to arid conditions. It is plausible that these clines reflect 
local adaptation to former average rainfall conditions along 
the gradient (Kawecki and Ebert 2004, Savolainen  et  al. 
2013). A strength of our study is that it was conducted under 
realistic field conditions including natural biotic interactions. 
Our results show that genotypes from different origins express 
different phenotypes under field conditions where they are 
likely to contribute to differential fitness among origins.

Fitness under changing climate

Despite the indication for local adaptation to former aver-
age rainfall conditions along the gradient, plants from local 
origins did not attain the highest fitness (survival, seed num-
ber) in our drought year. Instead, highest fitness was attained 
by the ‘next-drier origins’, i.e. by genotypes that were trans-
planted from the adjacent next-drier site along the gradient. 
Thus, the drought year apparently displaced local genotypes 
from their climate optima and favored drier-adapted origins 
over local origins. As climate change will intensify drought 
conditions in our study region (Hochman et al. 2018, 2020), 
this key finding suggests that genotypes originating from 
drier sites may support local populations and reduce their 
vulnerability to climate change.

Our results suggest that adaptation to drier conditions 
was sufficient for plants from foreign, next-drier origins to 
gain a fitness advantage over local origins. At first glance, 
this finding contradicts the frequent cautioning that climate 
change predictions are biased when they focus solely on cli-
matic factors and exclude nonclimatic factors, e.g. soil and 
biotic interactions (Walther 2010, Van der Putten et al. 2010, 
Tomiolo  et  al. 2015, Rysavy  et  al. 2016, Bucharova 2017, 
Pugnaire  et  al. 2019, Greiser  et  al. 2020). This contradic-
tion can be resolved by conceptualizing the different effects 
on fitness. Namely, the fitness ranking among origins is not 
determined by the overall effects of climate and nonclimatic 
factors per se (i.e. their statistical main effects), as these will 
affect all origins alike. Our results therefore do not refute that 
nonclimatic factors are important. Instead, the fitness rank-
ing among origins results from origin-specific effects of cli-
mate and nonclimatic factors, i.e. the interactions of origin × 
climate and origin × nonclimatic factors. A fitness-advantage 
for origins adapted to drier conditions is thus overturned 
only when these origins suffer a disadvantage of larger mag-
nitude from nonclimatic factors, i.e. when origin × noncli-
matic factors is larger than origin × climate. Unfortunately, 
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the present study did not manipulate nonclimatic factors, i.e. 
we cannot disentangle and quantify these interaction terms 
directly. We can merely infer from our results that origin × 
climate outweighed origin × nonclimatic factors. However, 
earlier experiments in our system support our interpretation. 
These experiments manipulated competition by neighbors 
(Liancourt and Tielbörger 2009, Ariza and Tielbörger 2011, 
Tomiolo  et  al. 2015, Rysavy  et  al. 2016) and soil condi-
tions (Tomiolo  et  al. 2015). They detected strong (statisti-
cal main) effects of neighbor competition and soil on fitness. 
Importantly though, the origin × neighbor and origin × soil 
interactions were never significant, i.e. origins responded 
largely similar to neighbors and soil. These earlier experiments 
support that origin-specific (local) adaptation to nonclimatic 
factors (i.e. origin × nonclimatic factors) is rather weak in 
our system (although not necessarily absent; Liancourt and 
Tielbörger 2009). Nonclimatic factors may thus rarely over-
turn a fitness ranking of origins that is caused by climate. 
This situation may also hold for other systems because two 
global meta-analyses indicated that local adaptation to biotic 
interactions was rather weak and context-dependent, espe-
cially outside the tropics (Briscoe Runquist  et  al. 2020, 
Hargreaves et al. 2020).

Moreover, the exceptional magnitude of the drought 
in our experiment probably magnified the importance of 
drought adaptation. The origin × climate interaction was 
therefore more likely to govern the fitness-ranking among 
origins. Conversely, the importance of nonclimatic factors 
(i.e. origin × nonclimatic factors) was perhaps diminished 
because of weaker plant competition during drought years 
(Bertness and Callaway 1994, He  et  al. 2013, Metz and 
Tielbörger 2016). It is also important to consider that 
biotic interactions during one drought year may not fully 
reflect those that develop under long-term climate change, 
as the species composition of biotic communities changes 
more slowly (Tielbörger et al. 2014, Pugnaire et al. 2019). 
The biotic interactions in our experiment may therefore 
still tend toward former conditions. Interestingly, this sug-
gests that when local origins benefited to some extent from 
better (local) adaptation to former biotic interactions in 
our experiment, this benefit will further diminish with 
changing species composition in the future. The observed 
fitness-advantage of next-drier origins during our short-
term drought event appears thus as a conservative result 
that is rather underestimating than overestimating their 
fitness-advantage in the future.

We have argued that the balance between a ‘climatic 
advantage’ and a ‘nonclimatic disadvantage’ (i.e. between 
origin × climate and origin × nonclimatic factors) will 
determine whether foreign origins from ‘future’ climatic 
conditions may outperform local origins under climate 
change. The equivocal results of earlier studies underline 
that the outcome of this balance is case-specific. On one 
side are several cases where local origins were not outper-
formed by foreign origins despite altered climate. This was 
observed for example in two transplant experiments along 
latitudinal gradients with arctic tundra perennials under 

warming (McGraw  et  al. 2015, Bjorkman  et  al. 2017), 
in a comparison of central and south European ecotypes 
of four perennial grasses under simulated warming and 
drought (Beierkuhnlein et al. 2011), and in a study across 
four common gardens in Germany comparing ecotypes of 
six perennials during a natural heatwave (Bucharova et al. 
2016). On the other side is a growing number of cases 
where local origins were outperformed – as in our study. 
Along elevational gradients for example, climate warm-
ing favored origins from relatively lower elevations in the 
Rocky Mountains herb Boechera stricta along most of the 
species’ altitudinal range (Anderson and Wadgymar 2020) 
and similarly in Mimulus guttatus (Kooyers  et  al. 2019, 
Peterson et al. 2020). Along latitudinal gradients, warmer 
origins outperformed local origins in the forest tree Populus 
tremuloides across five sites in Canada in Arabidopis thali-
ana accessions planted in five common gardens across 
Europe (Wilczek et al. 2014), and in northern range-edge 
populations of the North American annual Clarkia pul-
chella (Bontrager and Angert 2019). While further research 
is needed for specifying common conditions under which 
foreign origins from ‘future’ climates attain higher fitness 
than local origins, our study adds hitherto rare evidence 
across multiple sites along aridity gradients (Gellie  et  al. 
2016).

Overall, our field experiment along a natural aridity gra-
dient showed that migration from drier to wetter sites may 
benefit populations under drought and reduce their climate 
change vulnerability – despite other nonclimatic factors. 
This main result validates an important implicit assumption 
in many species distribution models (Valladares et al. 2014, 
Urban 2015, Warren  et  al. 2018). However, short average 
seed dispersal distances (Siewert and Tielbörger 2010) and 
restricted outcrossing (Boaz  et  al. 1990) of annual species 
in our study region may substantially hamper the extent of 
migration and hence its beneficial role under climate change. 
Conservation measures that promote habitat connectiv-
ity and dispersal along climatic gradients may therefore be 
a means to support vulnerable species in an era of climate 
change (Heller and Zavaleta 2009).
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