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Abstract

Latitudinal clines in adaptive traits are well documented, yet how such patterns translate
across longitudinal gradients, where climatic variation is reduced, remains poorly under-
stood. We investigated spatial variation in hydrogen cyanide (HCN) - a well-characterized
anti-herbivore defense polymorphism governed by two independently segregating loci (Ac
and Li), in white clover (7rifolium repens) across nine Midwestern U.S. cities. A total
of 269 populations (4,035 individuals) were sampled along urban-rural transects, and
cyanotype (cyanogenesis phenotypes) frequencies were quantified alongside regional and
site-level environmental variables, including vegetation cover (NDVI), land surface tem-
perature (LST), snow cover, impervious surface intensity, aridity, and potential evapotrans-
piration. Despite substantial variation in cyanogenic frequency among cities (6.2—19.0%),
minimum winter temperature varied by only 7.9 °C, markedly less than continental lati-
tudinal gradients (21-35 °C). Accordingly, cyanogenic frequency showed no consistent
relationship with environmental predictors: model selection supported a null-model, and
within-city associations were heterogeneous in direction, indicating that regional effects do
not scale predictably across the longitudinal gradient. In contrast, analyses of individual
cyanotypes revealed locus-specific environmental associations. Site-level NDVI and LST
linked to the linamarase-only cyanotype (acLi), suggesting increased frequency in warmer,
less vegetated urban habitats. Model selection identified environmental predictors for indi-
vidual cyanotypes but not for total HCN frequency. These results indicate that cyanogen-
esis across this regional gradient is decoupled from broad-scale climatic drivers. Instead,
locus-specific responses to heterogeneous environments generate compensatory dynamics
among cyanotypes, obscuring patterns at the phenotypic level. Our findings highlight the
importance of genetic architecture in adaptive polymorphisms and support fine-scale se-
lective mosaics as key drivers of evolutionary dynamics.
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Introduction

Urbanization is among the most pervasive and rapidly expanding drivers of global environ-
mental change. By altering temperature, hydrology, soil chemistry, and species interactions,
cities impose novel and heterogeneous selection pressures on resident organisms (Winchell
et al. 2016; Rivkin et al. 2019; Alberti et al. 2020). Ecological changes driven by urban-
ization have the potential to significantly alter the evolutionary dynamics of populations
inhabiting cities (Caizergues et al. 2022; Cosentino and Gibbs 2022; Diamond et al. 2022;
Diamant et al. 2025). An expanding body of research indicates that urbanization influences
both adaptive mechanisms (such as natural and sexual selection) and nonadaptive processes
(including genetic drift and gene flow) across a wide diversity of organisms (Johnson and
Munshi-South 2017; Santangelo et al. 2022). However, it remains unclear if evolutionary
responses to urbanization are generally predictable and consistent across cities or contingent
on local climatic and ecological contexts.

Recent large-scale initiatives, such as the Global Urban Evolution (GLUE) Project (glo-
balurbanevolution.com), have established the value of coordinated, multi-city approaches
for addressing this question (Santangelo et al. 2022; Caizergues et al. 2024; Leandro et
al. 2025). The GLUE framework provides a powerful comparative foundation for detect-
ing global patterns and local contingencies in evolutionary responses to urbanization,
emphasizing the integration of ecological, genomic, and environmental data. Importantly,
the GLUE project highlights that understanding adaptive evolution in urban environments
directly contributes to biodiversity conservation, revealing how species persist, adapt, or
decline in human-dominated ecosystems (Leandro et al. 2025).

Building on this perspective, regional-scale studies that control for key climatic vari-
ables, such as winter temperature, can clarify how non-thermal factors like hydrological
stress or anthropogenic disturbance independently shape adaptive variation within cities.
Longitudinal gradients, though less frequently examined than latitudinal or elevational
clines, can capture meaningful environmental and historical variation that influences evo-
lutionary dynamics independent of temperature (Conord et al. 2012; Proches et al. 2023).
Cowling et al. (2017) have drawn attention to longitudinal patterns in species diversity as
ecologically relevant, reflecting variations in aridity, productivity, and disturbance rather
than thermal constraints. Such studies underscore the value of longitudinal approaches for
isolating non-thermal drivers of adaptation, particularly when climatic variables like mini-
mum winter temperature (MWT) are held relatively constant.

Prior research on the perennial herb white clover (Trifolium repens L.) has demonstrated
that cyanogenic polymorphism can be shaped by interacting selective pressures, includ-
ing aridity, frost, and herbivory (Hughes 1991; Kooyers and Olsen 2014). However, the
selective basis of this polymorphism is not universal: several studies have found limited
or context-dependent evidence for selection (Wright et al. 2018, 2022; Kuo et al. 2024),
suggesting that the maintenance of cyanogenic variation may reflect complex interac-
tions among selection, genetic drift, and gene flow, the relative importance of which var-
ies across geographic contexts. In parallel, global-scale analyses from the GLUE Project
have revealed geographically widespread yet context-dependent urban-rural clines in cya-
nogenesis (Santangelo et al. 2022). At the global extent, Santangelo et al. (2022) tested for
parallel urban-rural clines in hydrogen cyanide (HCN) frequency in white clover across
160 cities on six continents and reported widespread but context-dependent parallelism,
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treating urbanization as a city-level context. Regionally, Santangelo et al. (2020) quantified
urban-rural cyanogenesis clines in 15 North American cities along a latitudinal gradient
(MWT range~35 °C). The present study is most comparable to that regional design, but
samples nine cities along a longitudinal axis over which MWT spans only 7.9 °C and falls
largely within the sub-zero thermal band where differential HCN production in T repens is
modest (Fadoul et al. 2023). We extend Santangelo et al. (2020) in two ways: acyanogenic
individuals are resolved into Acli, acLi, and acli in six cities, and cyanogenesis and cyano-
type frequencies are related to site-level remote-sensing predictors at 269 sites using linear
mixed models with model selection. Together, these design choices allow us to ask whether
non-thermal predictors can explain variation when cold-mediated selection on cyanogenesis
is attenuated along the sampled corridor.

The cyanogenic polymorphism in white clover offers one of the best-characterized mod-
els for investigating adaptive evolution across environmental gradients. Cyanogenesis is a
two-locus polymorphism governed by: (1) the 4Ac locus, encoding the ability to synthesize
cyanogenic glucosides (stored in the vacuoles), and (2) the Li locus, encoding the hydro-
lyzing enzyme linamarase (stored in the cell wall). When both gene products are present
(Ac'Li*), the plant releases hydrogen cyanide (HCN) upon tissue damage, providing chemi-
cal defense against herbivory (Hughes 1991). Other genotypes exhibit partial or complete
loss of function: Ac*Li~ (Acli) or Ac'Li* (acLi), and Ac™Li~ (acli) individuals are acyanogenic
phenotypes (Daday 1965; Kooyers et al. 2018). Plants that produce only one component of
the cyanogenic pathway may be ecologically disadvantaged, incurring the metabolic costs
of cyanogenesis without gaining its defensive benefit against herbivores. However, the fit-
ness consequences of carrying only one component are not equivalent across cyanotypes.
Acli plants (glucosides present, enzyme absent) avoid HCN-mediated tissue damage that can
occur when cellular compartmentalization is disrupted by frost or mechanical injury, while
still retaining cyanogenic glucosides as nitrogen storage compounds that can be remobi-
lized under nutrient stress (Gleadow and Mgller 2014). In environments with low herbivore
pressure, the absence of linamarase further eliminates expenditure on a hydrolytic system
with no net defensive return. acLi plants (enzyme present, glucosides absent), by contrast,
avoid the carbon and nitrogen costs of glucoside biosynthesis while retaining linamarase,
a broad-specificity p-glucosidase with documented roles beyond HCN release, including
hydrolysis of non-cyanogenic glucosides involved in cell wall metabolism and secondary
compound turnover (Oxtoby et al. 1991; Barrett et al. 1995). We hypothesize that in heav-
ily urbanized environments, where arthropod herbivore pressure is reduced (Fenoglio et al.
2020) and the defensive return on glucoside investment is therefore diminished, acLi plants
may achieve a net fitness advantage by eliminating the biosynthetic cost of glucosides while
preserving the broader metabolic utility of linamarase. The distribution of these phenotypes
reflects trade-offs among defense costs, frost tolerance, and drought adaptation, producing
well-documented latitudinal and altitudinal clines in cyanogenesis (Kooyers et al. 2018;
Santangelo et al. 2022).

Despite this extensive foundation, the longitudinal patterns of cyanogenic varia-
tion among cities with comparable thermal climates remain poorly characterized. In this
study, the longitudinal MWT gradient spanned 7.9 °C, from —15.6 °C (Sioux Falls, SD) to
—7.70 °C (Indianapolis, IN), which is considerably smaller than the latitudinal gradients
documented in broader geographic studies (35.36 °C in Kooyers and Olsen 2012; 35.0 °C in
Santangelo et al. 2020). Importantly, experimental evidence demonstrated that the tempera-
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ture dependence of HCN release in cyanogenic 7. repens weakens at lower temperatures,
approaching a plateau below approximately 15 °C (Fadoul et al. 2023), suggesting that
cold-range thermal variation modulates quantitative HCN output less strongly than warmer
regimes do. Our longitudinal corridor, which compresses among-city MWT variation to just
7.9 °C, therefore operates in a thermal range where temperature is expected to be a com-
paratively weak structuring force on cyanogenesis frequencies, motivating greater emphasis
on non-thermal environmental predictors relative to continent-spanning latitudinal studies.
Across most North American populations, winter cold has been identified as a key driver
of HCN frequency, where northern cities with greater frost exposure harbor lower cyano-
genesis frequencies than southern cities (Kooyers and Olsen 2012; Santangelo et al. 2020;
Kuo et al. 2024), though it frequently covaries with other environmental factors including
precipitation and aridity (Kooyers et al. 2014). The longitudinal Midwestern United States
provides a unique setting to disentangle these relationships: while cities across this region
share relatively similar MWT, they differ markedly in precipitation, aridity, potential evapo-
transpiration, and human footprint intensity. This regional environmental gradient enables
testing whether urban and hydrological stressors independently shape cyanogenesis, sepa-
rate from the confounding effects of continental thermal gradients.

To investigate how non-thermal environmental factors structure cyanogenesis varia-
tion independently of temperature-driven selection, we quantified cyanogenic and acya-
nogenic genotype frequencies across 269 populations of 7. repens in nine Midwestern
U.S. cities arranged along a longitudinal gradient where MWT variation is substantially
reduced relative to continental latitudinal gradients (range="7.90 °C, compared with ranges
of 21-35 °C in broader geographic studies; Kooyers and Olsen 2012; Santangelo et al.
2020). This design allowed us to isolate the contributions of urbanization intensity, aridity,
and evapotranspiration to cyanogenesis variation while holding the primary selective agent
implicated in latitudinal clines (winter cold) relatively constant. We combined urban-rural
transect sampling following Santangelo et al. (2020) with regional principal component
analyses (PCA) of five environmental predictors: Human Footprint Index, Aridity Index,
Annual Precipitation, Potential Evapotranspiration, and Minimum Winter Temperature, to
contextualize broad-scale environmental variation among cities. We further extracted eight
remote-sensing variables at the site level: Normalized Difference Vegetation Index in sum-
mer and winter (NDVI_summer, NDVI_winter), Land Surface Temperature in summer and
winter (LST_summer, LST winter), Normalized Difference Snow Index (NDSI), Global
Man-made Impervious Surface cover (GMIS), annual Potential Evapotranspiration (PET),
and Aridity Index, to address three questions: First, does HCN frequency vary predictably
along urban-rural gradients independently of winter temperature variation? Second, do
site-level anthropogenic and hydrological variables explain spatial variation in total cya-
nogenesis and individual enzyme-locus frequencies? Third, do the Ac and Li loci respond
similarly to environmental gradients across cities, or do they exhibit locus-specific and con-
text-dependent associations? We tested three sets of cyanotype-specific predictions: (i) that
fully cyanogenic AcLi individuals would decrease with urbanization through relaxed her-
bivory (Johnson and Munshi-South 2017; Santangelo et al. 2022) but increase with aridity
through the drought-tolerance advantage of glucoside production (Kooyers et al. 2014); (ii)
that among acyanogenic cyanotypes, Ac/i individuals would increase in water-limited urban
environments by retaining the glucoside-associated drought buffer without the enzymatic
cost, while acli individuals would increase broadly with urbanization as the selective benefit
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of full cyanogenesis diminishes; (iii) and that acLi individuals may persist in heavily urban-
ized environments if linamarase retains pleiotropic B-glucosidase functions independent of
glucoside availability (Oxtoby et al. 1991; Barrett et al. 1995), decoupling Li-locus retention
from herbivore-mediated selection. Together, these predictions reflect the expectation that
urbanization restructures cyanotype frequencies differentially across the two loci rather than
eroding cyanogenesis uniformly. We evaluated these predictions using a multi-step analyti-
cal framework that included null model variance partitioning, univariate and multivariate
linear mixed-effects models with city as a random intercept, AICc-based model selection,
random slopes heterogeneity tests, and city-level robust regressions, enabling us to distin-
guish globally consistent environmental effects from city-contingent ones. Together, these
analyses test whether parallel urban evolution in white clover cyanogenesis reflects predict-
able responses to shared selective gradients or locally contingent environmental mosaics
that operate independently across cities.

Materials and methods
Sampling Design

To assess whether variation in cyanogenesis in white clover is decoupled from regional cli-
mate and human footprint across a longitudinal gradient, we selected nine Midwestern cities
representing a range of urban sizes, geographic locations, and climatic conditions (Fig. 1).
These cities span approximately 1100 km from east (Columbus, OH) to west (Sioux Falls,
SD) Midwestern USA and experience a temperature gradient from milder southeastern
locations to colder northwestern cities (range="7.9 °C; Fig. 1). The sampled cities include
Columbus (OH), Indianapolis (IN), Urbana-Champaign (IL), Naperville (IL), Peoria (IL),
Davenport (IA), Cedar Rapids (IA), Omaha (NE), and Sioux Falls (SD).

Sampling cities took place over two summers in three trips: trip one (May/June 2018)
involved collections from Omaha and Sioux Falls; trip 2 (May 2019) from Columbus and
Indianapolis; and trip three (June 2019) from Urbana-Champaign, Naperville, Peoria, Dav-
enport, and Cedar Rapids. Our sampling protocol followed Santangelo et al. (2020) and
for each city, sampling transects were established extending from urban centers through
suburban zones into rural peripheries spanning a gradient of urbanization (Fig. Sla - i). In
each city, we sampled fifteen 7. repens plants from each of 26 to 31 sites (populations) (total
n=269 populations) spaced approximately 1 km apart, resulting in 4,035 plant samples
(Table S1). Most sampling sites were in public parks, schools, athletic fields, and on lawns
found along roadsides. Within each sampling site, sampled individuals were separated by at
least 1.5 m to reduce the likelihood of sampling the same clonal genotype. In each site, we
recorded the latitude and longitude coordinates (Table S1) and collected stolons with three
to four intact leaves. Stolons were placed in plastic bags and kept in a cooler with ice until
being brought back to the laboratory at DePauw University, Greencastle, IN., where they
were individually placed in 2 mL microcentrifuge tubes and stored at —80 °C until HCN
phenotyping.
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Fig. 1 Whole-USA context and Midwest study map of nine Midwestern U.S. cities showing white clover
(Trifolium repens) populations sampled along urban-rural transects. Panel A shows the contiguous USA
with the Midwest study region highlighted for geographic context. Panel B shows the nine study cities;
pie charts are scaled to city land area (km?) and represent mean cyanotype frequencies averaged across
all sampling populations within each city. For six cities where complementary assays were conducted
(Cedar Rapids, Columbus, Davenport, Naperville, Peoria, and Urbana-Champaign), pie charts show four
segments: cyanogenic AcLi (blue), glucoside-only Acli (gold), linamarase-only acLi (green), and fully
acyanogenic acli (red). For three cities where only binary cyanogenesis assays were performed (Omaha,
Indianapolis, and Sioux Falls), pie charts show HCN+ (cyanogenic, blue) and HCN— (acyanogenic, red)
only. The map background depicts the Minimum Winter Temperature gradient (MWT, °C; WorldClim
v2.1, BIO6: Minimum Temperature of Coldest Month) extracted at 30 arc-second resolution (range across
9 cities: —15.60 to —7.70 °C)

Cyanogenesis Assays

We used Feigl-Anger assays to determine whether plants were cyanogenic or acyanogenic
(Feigl and Anger 1966; Gleadow et al. 2011). This assay uses a colorimetric reaction to iden-
tify plant phenotype. Briefly, microcentrifuge tubes containing leaf samples were removed
from the freezer and thawed; prior freezing had lysed cells and facilitated the release of
HCN. A single mature leaf from each plant was placed into a well of a 96-well plate con-
taining 80 pL of sterile deionized water. Leaf samples were added to alternating wells, such
that each plate contained 45 plant samples. Plant tissue was then macerated using pipette
tips. Plates were covered with Feigl-Anger test paper and incubated at 37 °C for 3 h. We
recorded a plant as cyanogenic (HCN present; i.e., Ac*Li’*) if the color of the assay paper
changed from white to blue, and acyanogenic (HCN absent; i.e., Ac’Li~ (Acli) or AcLi*
(acLi), and Ac™Li™ (acli) if the color of the paper did not change. To determine the dynam-
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ics of cyanogenic genotypes (individual loci underlying HCN production), all acyanogenic
plants within each population of six cities (Cedar Rapids, Columbus, Peoria, Naperville,
Davenport, and Urbana-Champaign) were further screened for the presence of either the Ac
or Li locus using one of two complementary assays. Leaf tissue was incubated either with
an exogenous cyanogenic glucoside solution to identify acLi— cyanotypes or with an exog-
enous linamarase solution to identify Acli- cyanotypes. Briefly, for plants that initially tested
negative for HCN production, we added either (1) 40 uL of 10 mM exogenous cyanogenic
glucosides (linamarin; Sigma-Aldrich 68264) plus 50 puL of deionized water, or (2) 80 uL
of 0.2 EU mL™ linamarase (LGC Standards CDX-00012238-100) plus 20 pL of deionized
water. Samples were incubated with assay paper at 37 °C for 3 h. A positive HCN reaction
in treatment (1) indicated linamarase production (acac Li—), whereas a positive reaction in
treatment (2) indicated cyanogenic glucoside production (Ac— /ili). Plants that showed no
color change in either treatment were classified as lacking both cyanogenic glucosides and
linamarase (acac lili). These assays have been previously validated using PCR and reliably
determine cyanotypes in 7. repens (Olsen et al. 2008; Thompson and Johnson 2016).

Regional Environmental Data and Statistical Analyses

Regional environmental data were retrieved from open databases to examine the rela-
tionship between regional abiotic factors and cyanogenesis frequencies. MWT data were
extracted from WorldClim version 2.1 (BIO6: Minimum Temperature of Coldest Month) at
30 arc-second resolution from the float32 raster. Values were extracted for each GPS sam-
pling location using bilinear interpolation. The AP values extraction procedure also utilizes
high-resolution raster datasets from the WorldClim BioClim version 2.1 database (Fick and
Hijmans 2017), specifically the BIO12 variable (Annual Precipitation), providing spatially
explicit climate data at 30 arc-second (~1 km) resolution (https://www.worldclim.org/da
ta/bioclim.html). We also obtained PET and Al values from global climate datasets. The
extraction procedure utilizes high-resolution raster datasets from the CGIAR-Consortium
for Spatial Information Global Aridity and PET Database version 3, providing spatially
explicit climate data at 30 arc-second (~1 km) resolution. (Trabucco and Zomer 2019;
CGIAR-CSI - https://cgiarcsi.community/data/global-aridity-and-pet-database/).

The HFI/Urban impact intensity integrates multiple anthropogenic pressures, includ-
ing population density, crop and pasture lands, roads and railways, and built environments
(Venter et al. 2016a). HFI was quantified with Python (Version 3.9) using the 2009 Human
Footprint Index GeoTIFF dataset at 1 km? resolution provided by Venter et al. (2016b).
HFI values were extracted using point-based nearest-neighbor sampling implemented with
rasterio.sample() function. This method retrieves the exact pixel value at each point loca-
tion without interpolation. HFI values were classified using standard categories modified
from (Venter et al. 2016a) - Wilderness: HFI<1 (minimal human presence); Low Impact:
1<HFI<4 (low human modification); Moderate Impact: 4<HFI<10 (moderate human
modification); High Impact: HFI>10 (high human modification). For city metrics, popula-
tion data were obtained from 2020 U.S. Census Bureau statistics (https://www.census.gov
/data.html). City land areas were compiled from official municipal records and represent
incorporated city boundaries. The environmental data presented here represent city-level
abiotic conditions and not the conditions extracted for each site.
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To investigate whether fine-scale environmental variation contributes to city-specific
cyanogenesis patterns, we extracted eight additional geospatial predictors for each of the
269 sampling sites using Google Earth Engine (GEE; Gorelick et al. 2017), calculated as the
mean value within a 500 m circular buffer centered on each site’s GPS coordinates. Summer
and winter NDVI (NDVI_summer, NDVI_winter) were derived from the MODIS/Aqua
16-day composite (MYD13Q1, 250 m; Didan 2021) as the mean of all images acquired dur-
ing June-August and December-February respectively, spanning 2018-2019. NDSI (NDSI;
MOD10A2, 500 m; Hall and Riggs 2021) was averaged over December-March 2017-2019
as a proxy for frost exposure. Summer and winter Land Surface Temperature (LST sum-
mer, LST winter) were derived from the MODIS/Aqua 8-day product (MYD11B1, 1 km;
Wan et al. 2021), averaged over June-August 2018-2019 and December-February 2017—
2019 respectively. Impervious surface cover (GMIS) was obtained from the Global Human
Settlement Layer built-up surface product (JRC/GHSL/P2023A/GHS BUILT S 10m;
Pesaresi and Politis 2023), epoch 2018, and treated as an urbanization intensity index.
Annual potential evapotranspiration (PET) and aridity index were additionally extracted
as water-balance predictors. Prior to modelling, all eight predictors were z-score standard-
ized globally to enable direct comparison of effect sizes across variables with different
units. We fitted univariate linear mixed-effects models (LMMs) for each predictor sepa-
rately (with HCN frequency as the response variable and City as a random intercept) using
the model form HCN_frequency ~Predictor_z + (1 | City). We additionally fitted a multi-
variate LMM including all non-collinear predictors and used AICc-based model selection
(MuMIn::dredge) to identify the best-supported combination of drivers, extracting model-
averaged coefficients from all models within AAICc<2 (full-average method). The same
modelling framework was applied to acyanogenic cyanotype frequencies (acli, acLi, Acli)
across the six cities for which complementary cyanotype assay data were available (n=180
sites). Site-level models were conducted in R (vs. 4.x) using the packages Ime4 (Bates et al.
2015), ImerTest (Kuznetsova et al. 2017), and MuMIn (Barton 2025). Marginal and condi-
tional R? values were calculated using MuMIn::r.squaredGLMM following Nakagawa and
Schielzeth (2013).

The map visualization was generated in Python (Version 3.9) using Matplotlib, Car-
topy, and SciPy. City-level mean MWT values were interpolated across the region using
cubic spline interpolation and displayed as a smooth temperature gradient with a diverging
RdAYIBu_r color scale. Each city is overlaid with a scaled pie chart representing the propor-
tions of cyanogenic (HCN+, blue) and acyanogenic (HCN—, red) individuals, with pie sizes
adjusted to city land area using a square-root transformation to ensure visual clarity and
minimize overlap. Given that cities in this study exhibit substantial variation in transect
lengths, distance was standardized between 0 and 1. The methodology employs a two-step
process: (1) calculation of raw geographic distances from urban centers using the Haversine
formula (Sinnott 1984), and (2) standardization of distances within each city to a 0—1 scale,
where 0 represents the urban center, and 1 represents the most distant (rural) sampling point.
Standardizing distance in this way allowed all transects to be on an equivalent scale, regard-
less of city size. To assess relationships between cyanogenesis and urban-rural distance, and
between cyanogenesis and the Human Footprint Index (HFI), we fitted robust linear regres-
sions (iteratively reweighted least squares, IRLS; Huber weights, tuning constant k= 1.345)
for each city separately and computed Spearman rank correlations for each city and for the
overall dataset. Three effects were evaluated: Distance (or HFI) Effect: whether response
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variables were associated with standardized distance (or HFI) to the urban center when data
were pooled across cities; City Effect: whether response variables differed among cities,
regardless of distance or HFI; and Interaction: whether the relationship between distance
(or HFI) and response variables differed among cities (the City x Distance or City X HFI
interaction). The City x Distance interaction was formally tested via a likelihood ratio test
(LRT) comparing a random-slopes linear mixed model; HCN ~Distance + (Distance | City)
- against a random-intercept model - HCN ~Distance + (1 | City), fitted in Ime4 (¥*(2)=9.53,
p=0.005). Spearman rank correlations were calculated for each city and for the overall
dataset to assess the strength and direction of relationships between standardized distance
or HFT and the relative frequency of cyanogenesis, or cyanotypes.

To examine relationships between environmental predictors and HCN frequency across
cities along longitudinal gradients, we conducted a PCA on five standardized environmental
variables (HFI, MWT, Al, AP, and PET) aggregated to the city level. Environmental vari-
ables were standardized using z-score normalization to ensure equal weighting, and PCA
was performed through eigenvalue decomposition of the covariance matrix. The first two
PCs explained 69.5% and 23.5% of the variance in environmental predictors, respectively
(cumulative: 93%), and were visualized in a biplot displaying cities as points colored by
HCN frequency and environmental variables as vectors from the origin. To test for environ-
mental effects while accounting for city-level differences, we fitted a linear mixed-effects
model (LMM) with the form HCN Frequency ~PC1+PC2 + (1 | City), where PC1 and PC2
were included as fixed effects representing orthogonal environmental gradients, and City
was included as a random intercept to account for non-independence of observations within
cities. Also, for each cyanotype frequency, we fitted LMM of all environmental predictors
with a random city effect of the form: Cyanotype Frequency ~HFI+MWT+AI+AP+PET
+ (1 | City). Models were fitted using restricted maximum likelihood (REML), in Python
using the statsmodels package, and the use of principal components as predictors avoided
multicollinearity issues present among the original environmental variables.

Results

City-Specific Patterns in Hydrogen Cyanide (HCN) Frequencies along a Longitudinal
Gradient

Analysis of HCN frequency across nine Midwestern U.S. cities revealed substantial spatial
heterogeneity across geographic and urbanization gradients (Figs. 1 and 2). At the city scale,
mean HCN frequency varied nearly threefold, from 6.2% in Indianapolis, IN, to 19.0% in
Naperville, IL (Fig. 1, Table S1), with a mean HCN frequency of 12.7% (SD=4.5%) for the
nine cities, and this variation was highly significant across all models (p<0.001). Impor-
tantly, HCN frequency did not follow a simple longitudinal or minimum winter temperature
(MWT) gradient. Cities within similar thermal regimes exhibited contrasting frequencies
[e.g., Indianapolis (6.2%) vs. Columbus (14.9%)], while colder-region cities showed mod-
erate to high frequencies [e.g., Sioux Falls (14.4%) and Omaha (12.0%)]. Also, there was
no overall relationship between HCN frequency and standardized distance from urban cen-
ters (Ppoot = -0.032, p=0.597; Fig. 2a). However, individual cities exhibited diverse and
often strong gradient patterns, with some showing positive relationships (increasing HCN
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Fig. 2 Nonparallel relationships between cyanogenesis frequency and urbanization metrics across nine
Midwestern U.S. cities. City-specific IRLS robust regression lines (dashed; Huber weights, k=1.345)
of AcLi (HCN) frequency against (a) standardized distance from the urban center (0=urban, 1=rural)
and (b) Human Footprint Index (HFI) reveal heterogeneous and often opposing gradients among cities,
with no consistent overall trend (bold solid line). Spearman p values per city are shown in parentheses (*
p<0.05, ** p<0.01). Insets report pooled distance/HFI effects, city-level variance (LMM), and City x
predictor interaction tests

frequency toward rural areas), e.g., Indianapolis (p=0.409, p<0.05), others showing nega-
tive relationships (decreasing HCN frequency toward rural areas), e.g. Omaha (p = -0.356,
p<0.05), Peoria (p = -0.386, p<0.01) and Sioux Falls (-0.564, p<0.01), and still others
showing relatively flat gradients (Fig. 2a, Table S1). This heterogeneity was supported by
a significant City x Distance interaction (LMM LRT: 42 = 9.53, p=0.005), implying that
urban-rural gradients in cyanogenesis are highly context-dependent and shaped by local
environmental or ecological factors.

Similarly, HCN frequency showed no overall relationship with the HFI (p,,, = -0.027,
p=0.671; Fig. 2b). City-specific regression lines revealed substantial heterogeneity in gra-
dient patterns. Several cities showed negative relationships, indicating decreasing HCN
frequency with increasing HFI: Cedar Rapids (p = -0.325), Davenport (p = -0.361), India-
napolis (p =-0.333, p=0.024), Urbana-Champaign (p =-0.235), and Naperville (p =-0.090).
In contrast, other cities showed positive relationships, indicating increasing HCN frequency
with increasing HFI: Sioux Falls (p=0.319), Columbus (p=0.188), and Peoria (p=0.152).
Omaha exhibited a nearly flat relationship (p = -0.025), suggesting minimal change in HCN
frequency across the HFI gradient (Fig. 2b). While individual cities differed significantly
in mean HCN frequency [F(8,242)=5.65, p=0.006], the City x HFI interaction was not
significant (LMM LRT: ¥*(2)=5.07, p=0.079), indicating that city-specific HFI slopes did
not vary significantly beyond what a single pooled slope would predict.

Regional Environmental Predictors of HCN Frequencies along a Longitudinal
Gradient

Environmental predictors varied substantially across the nine cities (Table S2). MWT ranged
from —15.60 °C (Sioux Falls, SD) to —7.70 °C (Indianapolis, OH), a range of 7.90 °C, con-
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siderably smaller than the 21.36 °C and 35.0 °C MWT ranges reported in the latitudinal
studies of Kooyers and Olsen (2012) and Santangelo et al. (2020), respectively. By contrast,
the non-thermal predictors spanned proportionally larger gradients: Annual Precipitation
(AP) ranged from 605 to 1,056 mm (range=451 mm), the Aridity Index (AI) from 0.48 to
0.92 (range=0.44), and Annual potential evapotranspiration (PET) from 1,146 to 1,376 mm
(range=230 mm). The HFI ranged from 15.55 in the most rural sampling sites to 55.00
in the most urbanized, a range of 39.45 units. Together, these values confirm that while
temperature variation across the longitudinal gradient was reduced relative to continental
latitudinal studies, substantial hydrological and anthropogenic gradients were captured, pro-
viding the environmental contrast necessary to test whether non-thermal drivers indepen-
dently structure cyanogenesis variation across cities.

PCA of the five environmental variables (HFI, MWT, A, AP, and PET) revealed that the
first two PCs explained 93% of environmental variance (PC1: 69.5%, PC2: 23.5%). PC1
captured a moisture-energy balance gradient, with strong positive loadings for Al (+0.528),
AP (+0.511), and moderate positive for MWT (+0.459), and a moderate negative loading
for PET (-0.419) (Fig. 3, Table S3), representing a gradient from water-surplus to water-def-
icit environments. PC2 primarily represented variation in anthropogenic disturbance, with
a strong positive loading for HFT (+0.731), capturing human impact variation independent
of climate gradients. Cities were positioned in PCA space according to their environmental
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Fig. 3 Principal component analysis (PCA) summarizing environmental predictors of AcLi frequency
across nine Midwestern cities. PC1 (69.5%) captures a moisture—energy balance gradient (precipitation,
aridity, evapotranspiration), while PC2 (23.5%) represents human impact variation (HFI). City positions
are colored by mean AcLi frequency. The lack of alignment between AcLi frequency and environmental
vectors indicates that neither climate nor human footprint predicts cyanogenesis frequency, supporting
city-specific, nonparallel urban evolutionary patterns
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characteristics and colored by mean HCN frequency. Cities with high HCN frequencies
(yellow/light green, 0.15-0.19; Naperville, Peoria, Columbus) occupied diverse positions
across environmental space, spanning both high and low values of PC1 and PC2, while cit-
ies with low HCN frequencies (purple/dark blue, 0.06—0.09; Indianapolis, Cedar Rapids)
also occupied varied environmental positions. For example, Naperville and Peoria, both
with high HCN frequencies (~0.19 and ~0.18, respectively), occupy different positions in
environmental space: Naperville is associated with high HFI and moderate climate values,
while Peoria shows moderate HFI and climate values. Similarly, Indianapolis and Cedar
Rapids, both with low HCN frequencies (~0.06 and ~0.08, respectively), occupy different
environmental positions: Indianapolis is associated with high precipitation and temperature
but moderate HFI, while Cedar Rapids shows moderate climate values and moderate HFI
(Fig. 3). Furthermore, the linear mixed-effects model showed that none of the multiple envi-
ronmental stressors (PC1 and PC2 as fixed effects representing environmental gradients)
on longitudinal gradient was a strong predictor of mean HCN frequencies in our model
(Table S4). This nonparallel pattern suggests that the same environmental conditions may
lead to different HCN frequencies in different cities. Critically, analyses revealed no clear
alignment between HCN frequency and environmental predictor vectors, indicating that
neither the moisture-energy balance gradient (PC1) nor the human impact gradient (PC2)
consistently predicted HCN frequency across cities (Fig. 3, Fig. S2).

Variation in Acyanogenic Cyanotype Frequencies along a Longitudinal Gradient

To extend our analysis beyond HCN/AcLi frequencies, we tested whether the relative fre-
quencies of the three two-locus acyanogenic cyanotypes (Acli, acLi, and acli) varied with
urbanization using the same IRLS robust regression framework applied to HCN frequency,
examining within-city standardized urban-rural distance and site-level HFI as predictors.
Figure S3a—f presents the corresponding scatterplots for each cyanotype-predictor com-
bination, with city-specific data shown in color and a pooled robust fit overlaid. As with
aggregate HCN frequency, these plots reveal considerable per-city scatter and locally het-
erogeneous trajectories rather than any uniform directional trend.

Figure 4 summarizes these patterns in tabular form, reporting for each cyanotype X
predictor combination the standardized robust slope () on globally z-scored predictors,
Wald 95% confidence intervals, two-sided Wald p-values, and a miniature forest plot on
a shared B axis (dashed reference at f=0; whiskers spanning each CI). Effect sizes were
consistently small across all six tests (|| < ~0.03). Five combinations were non-significant:
pooled urban-rural distance was unrelated to Acli, acLi, or acli frequencies (all p>0.06),
and neither Acli nor acli showed meaningful associations with HFI (p>0.30 and p>0.07,
respectively). The only significant pooled association was a modest positive relationship
between acLi frequency and HFI (B = +0.01, p=0.041), driven primarily by city-specific
relationships in Columbus and Urbana-Champaign (Fig. S3e). Marginal trends (p<0.10)
for acLi versus distance and acli versus HFI were less precise than the aggregate HCN-
urbanization signal and warrant cautious interpretation given multiple tests and dominant
within-city variance. Overall, Fig. S3a—f and Fig. 4 indicate no coherent multi-city shift in
acyanogenic cyanotype composition along either urbanization axis.

PCA of the environmental predictors across the six cities identified two dominant axes
of environmental variation. PC1 explained 64.5% of the total variance and represented a
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Fig. 4 Cyanotype frequencies vs. urbanization. Standardized p from IRLS robust regression (Huber
weights, k=1.345) for Acli, acLi, and acli on standardized distance and Human Footprint Index (n=181
sites, six cities). Wald 95% ClIs and p-values are tabulated; each row includes a miniature forest plot
drawn on a common f axis (dashed grey line marks =0; whiskers span the 95% Wald CI). Only acLi x
HF1 is p<0.05 (bold row). Fig. S3 lists all estimates

moisture-energy balance gradient, with strong positive loadings for Al and AP and nega-
tive loadings for PET. PC2 explained 20.9% of the variance and primarily captured vari-
ation in human impact and temperature, with positive loadings for HFI and MWT (Fig.
S4). Across all three cyanotypes, cities showed no consistent alignment with either PC1
or PC2, (e.g. Naperville had the highest mean Acli frequency (~0.40) and Cedar Rapids
the lowest (~0.22), without a consistent ordering along the moisture-energy gradient (Fig.
S4), indicating that neither the moisture-energy gradient nor the combined human impact-
temperature gradient strongly predicts cyanotype frequencies at the city scale. Furthermore,
to test whether regional gradients explain among-city variation, we fit LMMs with city
as a random intercept and all five regional predictors entered simultaneously as z-scored
fixed effects (Table S5). For Acli and acli cyanotypes, none of the fixed effects was sig-
nificant (all p>0.05). In contrast, acLi exhibited significant associations with multiple cli-
matic variables: frequency decreased with increasing Al (B =-0.674, SE=0.275, z =-2.450,
»=0.014) and PET B =-0.370, SE=0.158, z=-2.339, p=0.019) and increased with higher
AP (B=0.467, SE=0.177, z=2.644, p=0.008), whereas HFI and MWT were not significant
predictors. Thus, at the city scale, multivariate moisture-energy signals are detectable for
acLi cyanotype only, whereas Acli and acli cyanotype show no association with the same
regional predictor set.

Eight geospatial predictors were extracted from Google Earth Engine and tested as site-
level predictors of cyanotype frequencies using univariate LMMs. Prior to visualization,
iterative VIF pruning identified aridity index (Al; VIF=17.96) and snow cover index (NDSI;
VIF=8.63) as collinear with the retained predictor set (Fig. S5); these two variables were
therefore excluded from the coefficient plot (Fig. 5). None of the six predictors was signifi-
cantly associated with HCN frequency (n=269 sites, nine cities; all p>0.19), with the larg-
est absolute t-statistic observed for winter NDVI (B=0.013, SE=0.010, t=1.32, p=0.19).
For the fully acyanogenic cyanotype (acli; n=180 sites, six cities), no predictor reached
significance at 0.=0.05; winter LST showed a marginal negative association (f = —0.077,
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Fig. 5 Coefficient plot of standardized effect sizes of environmental predictors on AcLi/HCN frequency
and acyanogenic cyanotype frequencies across Midwestern cities. Points represent standardized regres-
sion coefficients (B) with 95% confidence intervals from separate univariate linear mixed models fitted
for each predictor (Model: Response ~Predictor z + (1 | City); REML=TRUE; Satterthwaite degrees of
freedom; Ime4/lmerTest). All predictors were z-score standardized using global means and standard devi-
ations prior to model fitting (n=269 sites for HCN frequency; n= 180 sites, 6 cities for cyanotype frequen-
cies), enabling direct comparison of effect sizes across predictors and response variables. Only predictors
retained after variance inflation factor (VIF) pruning (VIF<5) are shown; aridity index (VIF=17.96)
and snow cover index (NDSI; VIF=8.63) were excluded due to collinearity. Filled blue circles=signifi-
cant positive effect (»<0.05); filled red circles=significant negative effect (»p<0.05); open circles=non-
significant (p>0.05). Asterisks denote significance levels (*** p<0.001, ** p<0.01, * p<0.05). The
vertical dashed line marks f=0 (null effect). Row shading groups predictors by ecological category:
green=vegetation density (NDVI), red=thermal environment (LST), purple=urbanization intensity
(GMIS), amber=water balance (annual PET)

SE=0.040, t=—1.90, p=0.063), suggesting slightly higher acli frequencies at colder sites.
For the acLi cyanotype (linamarase present, glucosides absent), four predictors were statis-
tically significant: summer NDVI (f =—0.016, SE=0.006, t=—2.69, p=0.0079) and winter
NDVI (B =-0.019, SE=0.009, t=—2.08, p=0.039) were both negatively associated with
acLi frequency, whereas summer LST (f =+0.019, SE=0.007, t=2.84, p=0.0051) and win-
ter LST (B =+0.033, SE=0.013, t=2.57, p=0.031) were positively associated; built-up area
percentage (GMIS) and annual PET were not significant (p=0.131 and 0.767, respectively).
Also, a LRT favored the random-slope structure (y*> = 6.59, df=2, p=0.037), indicating that
the acLi—summer LST relationship varies significantly among cities. For the Acli cyanotype
(glucosides present, enzyme absent), associations with NDVI were directionally positive
but only marginally (summer NDVI: B = +0.022, SE=0.013, p=0.083; winter NDVI: § =
+0.036, SE=0.019, p=0.056), with no other predictor approaching significance. The coef-
ficient plot thus reveals a consistent pattern in which local thermal intensity and vegetation
greenness (captured by LST and NDVI) align most closely with acLi frequency, whereas
the remaining cyanotype classes and HCN frequency show limited and non-significant
responses to the same site-level predictors.
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Discussion

By examining cyanogenesis in white clover across a longitudinal gradient of Midwest-
e U.S. cities, our study tested whether urban-rural and anthropogenic gradients gener-
ate predictable adaptive patterns when winter temperature variation is minimized. Overall,
we found that cyanogenic polymorphism is largely decoupled from regional climate and
anthropogenic disturbance at this spatial scale. Although HCN frequency varied nearly
threefold among cities (6.2-19.0%), we detected no consistent associations with standard-
ized distance from urban centers, the HFI, or major environmental gradients summarized
by PCA. These results contrast sharply with the strong and predictable latitudinal clines
documented at continental scales, where temperature and aridity impose dominant selective
pressures on cyanogenesis (Kooyers and Olsen 2012; Santangelo et al. 2020; Kuo et al.
2024). Rather than reflecting a weakened signal of climate-driven adaptation, our findings
indicate that cyanogenic polymorphism at regional and urban scales is governed by scale-
dependent, context-specific selective pressures.

Nonparallel urban-rural gradients and context dependence

A central result of this study is the strong non-parallelism in urban-rural clines of cyano-
genesis across cities. While some cities exhibited positive or negative relationships between
HCN frequency and distance from urban centers, others showed no detectable cline, result-
ing in no overall trend and a significant City x Distance interaction. Consistent with previ-
ous work, Santangelo et al. (2020) detected clines in HCN in roughly 47% of the fifteen
sampled cities along a latitudinal gradient, and the GLUE project documented that the
degree of parallel adaptation varied among cities (Santangelo et al. 2022). This heterogene-
ity demonstrates that urban-rural gradients in cyanogenesis are highly context-dependent
rather than parallel across cities. Similarly, HCN frequency showed no consistent relation-
ship with HFI, and although PCA captured substantial environmental variation related to
moisture-energy balance and human impact, these gradients did not align predictably with
HCN frequencies. Together, these results indicate that broad environmental metrics are poor
predictors of adaptive variation at this scale.

Such nonparallel responses are increasingly recognized in urban evolutionary studies
and suggest that local selective pressures, rather than shared regional gradients, dominate
evolutionary outcomes in cities (Johnson and Munshi-South 2017; Rivkin et al. 2019). This
pattern is further supported by our PCA results, where cities with similar HCN frequen-
cies often occupied distinct positions in environmental space, while cities with contrasting
frequencies sometimes overlapped along major environmental axes. For example, Naper-
ville and Peoria exhibited similarly high HCN frequencies despite substantial differences in
human impact and climatic characteristics, whereas Indianapolis and Cedar Rapids showed
comparably low frequencies but occupied divergent environmental positions. The lack of
consistent alignment between HCN frequency and either the moisture-energy gradient or
the human impact gradient indicates that no single environmental axis reliably predicts cya-
nogenesis across cities. These findings reinforce the view that urban evolution frequently
proceeds along multiple, locally contingent trajectories rather than converging on a com-
mon adaptive outcome (Liker 2020; Kemppinen et al. 2024).
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Genetic architecture and local drivers of cyanogenesis

Cyanotype frequency patterns further support the dominance of local factors. For HCN fre-
quency, this is consistent with a low null-model ICC (6.9%), indicating that most variation
occurs within rather than between cities and is not structured by the measured regional or
local predictors. For Acli and acli, the absence of significant site-level associations, despite
directional trends in some cases, likely reflects the compressed thermal gradient of this lon-
gitudinal study (7.9 °C), which limits statistical power for detecting temperature-mediated
selection, may reflect insensitivity to the environmental axes captured here, limited statisti-
cal power with six cities, or the influence of unmeasured fine-scale biotic factors.

The acLi cyanotype showed the most coherent environmental signal, with four predic-
tors (NDVI_winter, NDVI_summer, LST winter and LST summer) reaching significance
in univariate models. Critically, the opposing directionality of NDVI and LST is internally
coherent: sites with higher land surface temperatures are typically more open, impervious,
or thermally exposed, and are therefore associated with reduced vegetation productivity;
precisely the conditions captured by lower NDVI. This convergence identifies a single eco-
logical axis (warm, sparsely vegetated, thermally stressed microsites) as positively associ-
ated with acLi frequency. Two complementary mechanisms may account for this pattern.
First, lower NDVI is a recognized proxy for reduced foliar biomass and associated herbi-
vore pressure (Santangelo et al. 2022; Kooyers et al. 2014). Under the classical frequency-
dependent herbivory model, fully cyanogenic plants are selectively favored where herbivore
communities are more diverse and abundant (Dirzo and Harper 1982; Fadoul et al. 2023).
At sparsely vegetated, low-productivity urban sites, attenuated herbivore pressure relaxes
selection favoring full cyanogenesis. We hypothesize that under these conditions, acLi
individuals, which retain linamarase, a broad-specificity B-glucosidase with documented
roles beyond HCN release including hydrolysis of non-cyanogenic glucosides involved in
cell wall metabolism and secondary compound turnover (Oxtoby et al. 1991; Barrett et al.
1995), may persist and increase in frequency by eliminating the biosynthetic cost of glu-
cosides while preserving the broader metabolic utility of the enzyme, a net advantage that
would be masked under high herbivore pressure where full cyanogenesis is strongly favored
(Gleadow and Mgller 2014). Second, higher summer and winter LST reflects thermal stress
conditions under which the energetic and nitrogen investment required for cyanogenic
glucoside production may be disadvantageous (Gleadow and Mgller 2014). Retaining the
enzyme component alone, without glucoside investment, may therefore represent an adap-
tive cost-saving strategy in thermally demanding, resource-limited microhabitats, consistent
with the broader hypothesis that the fitness value of individual cyanogenic components is
condition-dependent (Kooyers et al. 2014). The random-slopes likelihood ratio test further
revealed that the positive association between acLi frequency and summer LST varied sig-
nificantly among cities, indicating that the thermal microenvironment effect is not uniform
across the urban landscape. City-specific factors, including the composition of local herbi-
vore communities, urban heat island intensity, and the extent of impervious surface cover
might modulate the strength and direction of this relationship, contributing to the among-
city heterogeneity that the random-intercept model alone cannot capture.

As shown by Stuart et al. (2017), environments categorized as equivalent may differ quan-
titatively in selective agents; here, city-specific microclimates, frost exposure, soil mois-
ture, and herbivore communities, among other variables (Liker 2020; Diamond et al. 2022;
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Kemppinen et al. 2024) likely shift the balance of selection acting on cyanogenic versus
acyanogenic genotypes. These deterministic but spatially heterogeneous selective pressures
generate nonparallel genetic responses across urban landscapes rather than uniform adap-
tive trajectories, consistent with evidence that molecular and phenotypic responses to urban
environments often lack parallelism across cities, e.g., genomic and epigenomic divergence
in urban great tits, Parus major (Caizergues et al. 2022); nonparallel phenotypic shifts in
dark-eyed juncos Junco hyemalis across urban sites (Diamant et al. 2025), and multi-city
variation in urban-rural clines of melanism in gray squirrels (Cosentino and Gibbs 2022).
Reviews of urban adaptation also emphasize that heterogeneous urban selective pressures
(e.g., microclimate, pollution, biotic interactions) can produce variable evolutionary out-
comes among systems (Diamond et al. 2022; Kerr et al. 2025), in line with theoretical work
showing that quantitative environmental differences among replicated environments reduce
the predictability of parallel evolution (Stuart et al. 2017).

Our results did not support either competing prediction for cyanotype frequency: AcLi
plants neither declined consistently with increasing urbanization, as expected under relaxed
herbivory, nor increased with aridity, as predicted from the drought-tolerance advantage
of glucoside-producing genotypes. The prediction that fully acyanogenic genotypes (acli)
would predominate in heavily urbanized, water-limited environments was similarly unsup-
ported. Instead, the dominant signal across all analyses was city-level variance that could
not be explained by the regional environmental gradients we tested, supporting the alter-
native hypothesis that adaptive variation in urban white clover cyanogenesis arises from
locally contingent selective mosaics rather than predictable, shared responses to urbaniza-
tion or aridity.

Scale dependence and the role of microclimate

The contrast between our findings and latitudinal studies highlights the importance of spa-
tial scale in understanding adaptive evolution. Across continental gradients, cyanogenesis
in white clover is strongly shaped by temperature-mediated selection, with cyanogenic
plants experiencing reduced fitness in colder climates due to frost damage (Daday 1965;
Hughes 1991; Kooyers and Olsen 2012). In contrast, MWT across this longitudinal gradi-
ent was restricted to a narrow inter-city band of 7.9 °C, substantially compressed relative
to the 21-35 °C thermal gradients characterizing continental latitudinal studies, making
temperature-mediated selection an unlikely primary driver of the HCN frequency differ-
ences observed here. In addition, unlike the wide latitudinal gradients that span ecologically
distinct thermal regimes, the cities in this study share winter minima that are collectively
below the temperature at which HCN production in 7. repens responds substantially to tem-
perature change (Fadoul et al. 2023), effectively decoupling this system from the frost-
mediated selection that dominates continental-scale cyanogenesis clines. The absence of a
significant MWT effect in our models is therefore consistent with the constrained thermal
context of this study, and suggests that where winter temperature variation is limited, other
selective agents; including urban disturbance, precipitation, and local vegetation structure
may assume greater relative importance in shaping cyanotype frequencies.

Urban ecosystems generate fine-scale environmental heterogeneity through altered her-
bivore communities, fragmented habitats, and strong microclimatic variation driven by
impervious surfaces, vegetation structure, and urban heat island effects (Liker 2020; Dia-
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mond et al. 2022; Kemppinen et al. 2024). Recent work emphasizes microclimates as a
critical but often underappreciated component of ecology and biogeography, capable of
mediating organismal responses independently of regional climate patterns (Kemppinen et
al. 2024; Kerr et al. 2025). In our system, microclimatic heterogeneity, together with varia-
tion in herbivory, soil conditions, and land-use history, likely creates locally distinct selec-
tive regimes that override regional climatic signals (Winchell et al. 2016; Diamond et al.
2022; Caizergues et al. 2024).

Implications for urban evolution and biogeography

Our findings align with and extend the GLUE framework, which predicts nonparallel evo-
Iutionary responses to urbanization driven by locally contingent selective environments
(Rivkin et al. 2019; Santangelo et al. 2022). The failure of regional climate and human
footprint metrics to predict adaptive variation underscores the limitations of coarse-scale
environmental data for understanding fine-scale evolutionary processes in urban land-
scapes. From a conservation and management perspective, this suggests that adaptive varia-
tion in urban environments may be better understood and managed through city-specific
approaches rather than general rules based on broad environmental gradients.

More broadly, our study contributes to a growing recognition that longitudinal sampling
designs offer complementary perspectives to classical latitudinal biogeography (Proches
et al. 2023). While latitudinal gradients have been foundational for identifying broad-
scale adaptive variation in cyanogenesis, including the seminal Daday effect (Daday 1965;
Kooyers and Olsen 2012), they inherently conflate multiple environmental axes, including
temperature, photoperiod, and precipitation (Conord et al. 2012; Proches et al. 2023). By
sampling within a comparatively narrow latitudinal band, our longitudinal design reduced
thermal confounding; consistent with this, land surface temperature was not a significant
predictor of HCN frequency across 269 study sites, allowing non-thermal drivers (including
urban land cover and vegetation structure) to be examined more directly. We note, however,
that these advantages are scale-dependent, and we make no claim that longitudinal designs
are generally superior to latitudinal approaches. We encourage broader geographic replica-
tion and multi-system comparisons to assess whether longitudinal gradients consistently
reveal non-thermal drivers of adaptive evolution.

By minimizing temperature variation, longitudinal gradients may function as natural
experiments that help disentangle the roles of non-thermal drivers such as human distur-
bance, precipitation, microclimate, and local ecological interactions. While climate change
is primarily driven by rising temperatures, it is also associated with shifts in precipitation
regimes, increased aridity in some regions, and greater variability in hydrological extremes
(AghaKouchak et al. 2020; Hansen et al. 2025). Understanding how species respond to
these non-thermal dimensions of environmental change will be increasingly important for
predicting evolutionary trajectories in a warming world. Furthermore, our findings provide
aregional case study illustrating both the potential value and the limitations of longitudinal
sampling designs in evolutionary ecology. Even when cities are well-differentiated in non-
thermal environmental space (Fig. 3), cyanogenesis frequencies remain largely unpredict-
able from measured regional predictors, indicating that the utility of longitudinal designs
for revealing adaptive patterns depends strongly on the spatial scale of the study and the
resolution of environmental data available.
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Limitations and conclusions

Several limitations should be considered. Although we incorporated site-level environ-
mental surfaces from GEE in addition to regional climate and human-footprint metrics,
these remain indirect proxies: they do not substitute for direct measurements of herbivory,
soil moisture, frost injury, or in situ microclimate at each population, which may dominate
selection on cyanogenesis at fine scales. Consequently, absence of association with a given
predictor should be interpreted cautiously- it may reflect limited biological relevance of
that proxy, mismatch between grain and process, or unmeasured local drivers rather than
a definitive lack of environmental control. Incorporating direct measures of herbivory,
microclimate, and soil properties may reveal stronger links to cyanogenesis. Additionally,
our study encompassed only nine cities within a single longitudinal gradient; broader geo-
graphic sampling will be necessary to assess the generality of nonparallel urban responses.
Finally, contemporary patterns may partly reflect variation in gene flow among sites, which
could homogenize or differentiate cyanotype frequencies independently of local selective
pressures. Importantly, we treat cyanotype-environment relationships as statistical associa-
tions, not evidence of selection, and we follow Gould and Lewontin (1979) in avoiding the
assumption that every pattern reflects adaptive function. In particular, an acLi signal with
NDVI/LST is compatible with ecological hypotheses about warm, open microsites but also
with gene-flow bias, local drift in small populations, clonal structure, or indirect effects via
linkage and pleiotropy. While demographic bottlenecks are unlikely given that 7. repens
shows no evidence of range-wide population contractions (Battlay et al. 2025), and past
directional selection is not well-supported for cyanogenesis specifically (Wright et al. 2018,
2022; Kuo et al. 2024), spatially variable contemporary selection (for example, by frost,
drought, or herbivory), remains the most parsimonious explanation for the among-city dif-
ferences we observe. Disentangling these mechanisms will require direct quantification of
selective agents and population connectivity, which were beyond the scope of the present
study.

In conclusion, our study demonstrates that cyanogenesis variation in white clover across
a longitudinal gradient of Midwestern U.S. cities is decoupled from regional climate and
human footprint, with city-specific factors playing a dominant role in shaping adaptive
variation. The nonparallel patterns we observed highlight the context-dependent nature of
urban evolution and emphasize the importance of local ecological conditions over broad-
scale environmental gradients. These findings contribute to a growing body of evidence that
urban evolution is often unpredictable from regional environmental patterns alone, requir-
ing detailed knowledge of local contexts to understand and predict adaptive responses. As
urbanization continues to expand globally, understanding these local contingencies will be
critical for conserving biodiversity and effectively managing urban ecosystems.
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