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Large-scale clinal variation in body size and other life-history traits is common enough 
to have stimulated the postulation of several eco-geographical rules. Whereas some 
clinal patterns are clearly adaptive, the causes of others remain unclear. We present a 
comprehensive intraspecific population comparison for the cosmopolitan yellow dung 
fly Scathophaga stercoraria (Diptera: Scathophagidae) to check for consistent world-
wide patterns. Common garden assessment of various life history traits permitted 
continental comparison of (clinal) quantitative genetic differentiation (Qst) with puta-
tively neutral genetic differentiation (Fst) derived from field-caught flies. Latitudinal 
clines in fly development time, growth rate, and overwintering propensity were con-
sistent among North American, European and Japanese populations. Increased winter 
dormancy incidence and duration at higher latitude, combined with a faster growth 
rate and shorter development time, suggest that flies are adaptated to season length 
more than to temperature. The resulting body size clines, in contrast, were not very 
consistent; importantly, they were not negative, as expected under seasonal constraints, 
but flat or even positive clines. Quantitative genetic differentiation QST exceeded neu-
tral molecular variation FST for most traits, suggesting that natural selection plays a 
consistent role in mediating global dung fly life histories. We conclude that faster 
growth and development in response to shorter growing seasons at higher latitudes 
may indirectly counteract expected direct effects of temperature on body-size, poten-
tially resulting in flat or inconsistent body size clines in nature. 

Keywords: body size, development time, diapause, Fst, geographic differentiation, 
genetic differentiation, growth rate, latitudinal cline, life history, Qst
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Introduction

Body size of closely related species, or populations within 
species, often increases with latitude (Bergmann’s rule), 
although opposite clines are also common (Blackburn et al. 
1999, Chown and Gaston 1999, Blanckenhorn and Demont 
2004, Shelomi 2012). Systematic latitudinal variation in cli-
mate is generally presumed to cause these body size clines, but 
the specific underlying climatic causes, and whether body size 
is under direct selection or evolves as a correlated response 
to selection on co-varying traits, remain unclear. Body size 
is intimately intertwined with other life-history traits such 
as juvenile development time, growth rate and reproduc-
tive output (Nylin and Gotthard 1998), and thus all these 
traits, plus dormancy (diapause) and migration, co-evolve in 
seasonal environments as an interconnected life-history syn-
drome (Roff 1980, Tauber et al. 1986, Schmidt et al. 2005). 
Yet few studies investigate geographic clines of various traits 
in conjunction.

Whether geographic clines are adaptive depends on the 
trait and the putative environmental causes (Blanckenhorn 
and Demont 2004). Season length generally declines with 
latitude, constraining the period available for growth. 
Shorter seasons at high latitudes (or altitudes) thus select 
for faster growth and/or development. Selection caused by 
variation in season length can consequently generate two 
common patterns: converse (negative) Bergmann clines, 
according to which insects and other animals become 
smaller at higher latitudes (Masaki 1967, Blanckenhorn 
and Fairbairn 1995, Mousseau 1997, Blanckenhorn and 
Demont 2004, Shelomi 2012), and countergradient varia-
tion (also called latitudinal compensation), according to 
which animals compensate, primarily by increasing their 
growth rate, to maintain their (presumably optimal) body 
size as the season length declines (Levinton and Monahan 
1983, Conover and Present 1990). Insect diapause also 
predictably increases at higher latitudes characterized 
by cool temperatures and short days, producing strong 
and often rapid evolutionary responses to season length 
variation (Masaki 1972, Bradshaw and Holzapfel 2001, 
Schmidt et al. 2005).

Whereas declining body size and faster growth with lati-
tude is expected as season length shortens, it remains largely 
unclear whether and how (positive) Bergmann clines – larger 
body size at higher latitudes – can result from latitudinal 
variation in climate, and whether corresponding selection 
acts directly on body size or indirectly via the aforemen-
tioned co-varying juvenile life history traits. Bergmann’s rule 
appears to be mediated directly by temperature (larger when 
cooler: Atkinson and Sibly 1997, Chown and Gaston 1999, 
Blanckenhorn and Demont 2004), and may also result as 
a possibly non-adaptive consequence of physiological pro-
cesses at the cellular level (van der Have and de Jong 1996, 
Van Voorhies 1996). Thus, a general theory or mechanism 
explaining how clinal variation in temperature generates 
body size clines is lacking.

Many studies in numerous species have documented the 
existence of latitudinal body size clines on various continents 
(Blackburn et al. 1999, Blanckenhorn and Demont 2004, 
Shelomi 2012), though demonstrations of such clines evolv-
ing repeatedly in nature are rare and limited to widespread 
species, with Drosophila currently being the best (and only) 
example (Partridge and Coyne 1997, Huey et al. 2000, 
Klepsatel et al. 2014). However, while replicated evolution is 
suggestive of adaptation, it is not sufficient evidence. In par-
ticular, random differentiation among populations by neu-
tral genetic drift always occurs in the background, such that 
natural selection has to be consistently stronger than genetic 
drift to produce local adaptations (Lewontin and Krakauer 
1973). Comparisons of the genetic differentiation in quan-
titative traits (QST) to that observed at neutral loci (FST) is a 
recently well-established indirect approach for evaluating the 
relative importance of selection versus genetic drift in natu-
ral populations. Such studies have revealed that QST often 
exceeds FST, suggesting a greater role of diversifying or direc-
tional natural selection in shaping genetic differentiation 
within species (Merilä and Crnokrak 2001, McKay and Latta 
2002, Chenoweth and Blows 2008, Leinonen et al. 2008, 
Whitlock and Guillaume 2009). FST/QST comparisons are 
thus particularly helpful when assessing the relative contribu-
tions of selection and drift along latitudinal clines (Merilä 
1997, Storz 2002, Palo et al. 2003, Demont et al. 2008, 
Kawakami et al. 2011, Shama et al. 2011, Hangartner et al. 
2012, Klepsatel et al. 2014, Fabian et al. 2015).

We investigated whether latitudinal clines in a suite of 
interconnected life-history traits – diapause propensity, 
development time, growth rate and body size – are repeatable 
across three continents and three laboratory rearing tempera-
tures (12°C, 18°C, 24°C) in the yellow dung fly Scathophaga 
stercoraria (Diptera: Scathophagidae; Fig. 1), a prominent 
and widespread model species in evolutionary ecology 
(Blanckenhorn 2009). Our laboratory common garden study 
tests for evolved, genetic clines, which from an evolutionary 
point of view is superior to merely assessing phenotypic pat-
terns derived from field-caught specimens, as commonly uti-
lized in macro-ecology (Chown and Gaston 2010). To address 
the repeatability of the underlying evolutionary mechanisms, 
we combine this with a FST/QST approach contrasting quan-
titative (putatively adaptive) and molecular (putatively 
neutral) population genetic variation. We expected the like-
lihood of individuals entering diapause (at any given pre-
winter condition) to increase as temperatures become cooler 
and seasons shorter with latitude (Bradshaw and Holzapfel 
2001, Schmidt et al. 2005). We further tested whether clinal 
variation in body size is consistent across continents, and 
whether the observed clines follow the converse Bergmann 
patterns typically mediated by season length, thus implicat-
ing indirect selection on development time or growth rate, 
rather than positive Bergmann patterns putatively generated 
by temperature effects per se (Blanckenhorn and Demont 
2004, Berger et al. 2011). Crucially, we expected traits under 
significant selection (with QST > FST), particularly diapause 
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but possibly all others as well, to exhibit similar clines across 
geographic regions and rearing tenperatures, whereas traits 
under minimal selection (low QST ≈ FST) should not show 
consistent clines unless they are tightly correlated with traits 
under selection.

Methods

Study species

Yellow dung flies are common throughout the northern 
hemisphere on and around cow pastures, a habitat that has 
become very widespread worldwide due to animal husbandry 
by humans. These flies prefer cool climates, occurring at high 
latitude sites as high as Spitzbergen, Greenland or Iceland in 
Europe, and Alaska in North America, where they are likely 
univoltine (one generation per year). In the warmer, southern 
areas of its distribution the species inhabits higher altitudes 
such as the Sierra Nevada in Spain or North America, produc-
ing at least four overlapping generations per year. In central 
European lowlands, each year features a spring (March–June) 
and an autumn season (September–November) generation, 
while during the hot midsummer (July and August) the flies 
largely disappear from the pastures due to their heat sensi-
tivity, a pattern not evident at higher latitudes or altitudes 
(Blanckenhorn 2009, Blanckenhorn et al. 2010). Studies 
of Swiss populations indicate that altitudinal population 
differentiation is very weak while phenotypic plasticity is 
extensive (Blanckenhorn 2009). As these insects are good 
flyers, there is ample gene flow, presumably impeding local 
adaptation at least over short spatial scales across Switzerland 
(Kraushaar et al. 2002, Kaufmann et al. 2013). Molecular 
genetic differentiation of European populations is detectable 
but relatively weak (Demont et al. 2008). 

Yellow dung fly adults are sit-and-wait predators of small 
flying insects and need to feed on prey to reproduce. Females 
spend most of their time foraging on nectar (for energy) 
and prey (for reproduction) in the vegetation surrounding 
pastures. Every few days they lay a clutch of eggs into fresh 
dung of large mammals, mainly cattle, on which larvae feed 
and wherein they develop. Many males typically wait at the 
dung to mate with incoming females. Larvae face unpredict-
able spatio-temporal variation in dung (i.e. food) quality and 
quantity, intra- as well as inter-specific competition, and dung 
drying, factors all greatly affecting the flies’ growth, develop-
ment and final adult body size, fostering great plasticity in all 
these traits. Yellow dung flies overwinter in the pupal stage, 
which has to be reached before the first frost (Blanckenhorn 
2009, Blanckenhorn et al. 2010).

Population sampling and common garden rearing

We sampled approximately 1400 yellow dung flies from 
45 sites (i.e. populations), 25 in Europe, 14 in North 
America, and 6 in Japan (Supplementary material Appendix 1 
Table A1; Fig. 1). All flies were caught on haphazardly chosen 
cow pastures in the vicinity of collectors’ residences with oth-
erwise no special characteristics, either as copulating pairs by 
carefully lowering a vial over the insects, or by sweep-netting. 
European flies were sampled over three years (2003, 2007, 
2009), North American flies were all sampled in 2009 (spring 
or autumn), and Japanese flies in spring 2013 (Supplementary 
material Appendix 1 Table A1). Live flies were then brought, 
and/or sent by express post, in these vials (containing sugar 
and humid toilet paper) in a cooler to one of the two experi-
mental laboratories (see Blanckenhorn et al. 2010 for further 
details). Once there, flies were fed and allowed to copulate 
(again) with a random male from the same population within 
few days to generate a laboratory F1 generation (at 18°C, 

Figure 1. Yellow dung fly populations sampled in Europe, North America and Japan.
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12 h photoperiod, and 60% relative humidity) for our com-
mon garden rearing described below. Thereafter, the field-
caught flies were preserved in pure ethanol and/or frozen at 
–80°C for later population genetic analysis of 10 polymor-
phic microsatellite loci to calculate FST, as described in detail 
by Schäfer et al. (2018). Supplementary material Appendix 1  
Table A2 provides essential information on sample sizes, 
number of alleles, and mean observed (HO) and expected (HE) 
heterozygosity for each locus for North American, European 
and Japanese fly populations. 

Common garden rearing was performed in temporal 
blocks (i.e. sampling years) in two different laboratories 
(Zürich and Lexington, KY) at the same conditions. At this 
point, flies from the various populations had been in the lab-
oratory for variable amounts of time. By randomly crossing 
F1 females and males (but avoiding within-family matings) 
we produced F2 and, for some populations (Supplementary 
material Appendix 1 Table A1), later generation full-sib 
families to assess their life history traits in three distinct 
environments (Demont et al. 2008, Scharf et al. 2010).  
Full-sib larvae were split into constant 12°, 18° or 24°C 
regimes associated with 10, 12, and 14 h photoperiod (respec-
tively; all at 60% relative humidity). We emphasize that the 
sole purpose of common garden rearing here was to docu-
ment heritable clines largely free of random environmental 
noise, permitting direct comparisons across continents at 
the same, necessarily arbitrary environmental conditions 
chosen, while at the same time covering the full scope of 
phenotypic plasticity exhibited by this fly. Effects of photo-
period and temperature were disentangled in a previous study 
(Scharf et al. 2010) and were not the focus here. 

Larvae were reared in plastic containers with overabundant 
(> 2 g per larva) homogenized and previously frozen cow 
dung. We checked daily for emerged adults to assess egg-to-
adult survival and development times for all individuals. We 
also measured the hind tibia length of 1–6 emerged males and 
females per family (on average ca 3), a trait that well reflects 
overall body size of this species and is under direct and indi-
rect selection (Blanckenhorn 2007, 2009). An approximate 
linearized estimate of growth rate was calculated by dividing 
hind tibia length by development time, for directly develop-
ing (i.e. non-diapausing) individuals only (Berger et al. 2011, 
Rohner et al. 2017). 

Yellow dung flies raised at 12°C may enter diapause. 
Separation of directly and indirectly developing (i.e. diapaus-
ing) individuals in the 12°C treatment was based on their 
bimodal distribution of emergence times: development times 
< 70 d were classified as direct developers and those ≥ 70 d as 
diapausing (Demont and Blanckenhorn 2008). The number of 
days individuals spent diapausing at 12°C before emerging was 
here termed diapause duration. More details on handling and 
rearing methods can be found in Blanckenhorn et al. (2010). 

Statistical analyses

All life history traits were analysed separately using full-sib 
family means (number of families given in Supplementary 

material Appendix 1 Table A1) or, alternatively, the number 
of populations as independent replicates to avoid pseudorep-
lication. We fitted generalized linear mixed full models with 
sex (a repeated measure because male and female offspring 
were siblings), rearing temperature (12°C, 18°C, 24°C), and 
continent as fixed effects, plus latitude or altitude or winter 
length as continuous covariates. As latitude, altitude, season 
length and even longitude are naturally highly correlated in 
this data set (Supplementary material Appendix 1 Table A1), 
multiple regressions cannot serve to rank the impact of these 
variables. We therefore gave priority to analysis of latitude, 
however reporting separate effects of the other covariates 
as well. The models additionally included laboratory gen-
eration, collection year (for Europe), and collection season 
(i.e. spring vs fall for North America) as blocking variables 
(all listed in Supplementary material Appendix 1 Table A1), 
which were often significant but not of interest here. Diapause 
traits were analysed similarly but without the factors sex and 
temperature. 

In alternative analyses for the FST/QST comparison, we 
entered population as a random effect instead of latitude (but 
never both because the two variables coincide): the former 
variance component estimates non-directional geographic 
population variation, whereas the latter, being a fraction of 
the former, estimates directional latitudinal variation. As 
diapause only occurred at 12°C, models for the proportion 
of diapausing individuals (model with binomial errors) and 
the duration of diapause did not include rearing temperature 
or sex. 

Estimation of genetic variance and QST

We computed population differentiation in quantitative 
traits (QST) according to the formula QST = Varpop/
(Varpop + 2Varwithin), where Varpop is the observed component 
of variance between populations, and Varwithin the observed 
component of additive genetic variance within populations 
(Spitze 1993, Merilä and Crnokrak 2001). Being based on 
full-sib families, we cannot evaluate the influence of domi-
nance and maternal effects on our estimates of genetic vari-
ance (Lynch and Walsh 1998). Confidence intervals of QST 
were calculated by a parametric bootstrap method adapted 
from O’Hara and Merilä (2005) and implemented in the 
R package ‘QstFstComp’ (< https://github.com/kjgilbert/
QstFstComp >). Neutral population variation FST was 
calculated in a standard way as explained in Schäfer et al. 
(2018), from which we took the estimates for our FST/QST 
comparison here.

Comparisons between FST and QST values were performed 
following the bootstrapping method developed by Whitlock 
and Guillaume (2009), with corrections for unbalanced 
sample sizes and full-sib breeding design developed by Gilbert 
and Whitlock (2015) as implemented in the ‘QstFstComp’ 
package. This approach compares the observed QST – FST 
difference with its expected simulated distribution under 
a neutral hypothesis. Separately for Europe and North 
America (dropping Japan for reasons of low sample size), we 
generated 10 000 bootstrap replicates of the expected neutral 
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QST – FST distribution for each trait-treatment combination, 
from which we inferred the empirical p-value associated  
with our point estimates of QST – FST. We also assessed 
the significance of the additive genetic variance estimates 
(Va = Varwithin) for all traits from the same bootstrapping 
procedure, using two times the dam (mother) variance 
component as Va. 

Results

Repeatable latitudinal clines in life history traits on 
three continents?

Latitudinal clines in diapause frequency and duration were 
marked, as expected due to previosusly documented strong 
viability selection exerted by winter duration (Blanckenhorn 
2007, 2009). The average proportion of offspring per full-
sib family entering diapause at 12°C (and 10 h light) steeply 
increased with latitude (Fig. 2a; F1,790 = 236.06, p < 0.001; 
analysis based on family means), which strongly reflects win-
ter length (Supplementary material Appendix 1 Table A1). 
These clines were consistent in direction across continents 
but varied in magnitude (i.e. slope; estimates in Fig. 2a), as 
the cline was much shallower in Europe than in either Japan 
or North America (significant latitude by continent interac-
tion: F2,790 = 69.67, p < 0.001). The mean proportion of flies 
entering diapause also varied between continents (continent 
main effect: F2,790 = 62.07, p < 0.001). Clines consistent in 
direction but variable in magnitude across continents were 
similarly evident for diapause duration (steepest in Japan 
and shallowest in Europe; latitude by continent interaction, 

F2,595 = 6.45, p = 0.002; latitude effect: F1,595 = 15.28,  
p < 0.001; continent effect: F2,595 = 5.92, p = 0.003; Fig. 2b). 
Altitude as covariate (instead of latitude) was not significant 
in either case (p > 0.1), whereas winter length as covariate 
produced results similar to latitude (p < 0.001).

Directly developing, non-diapausing flies from higher 
latitudes had shorter egg-to-adult development times, as 
expected because seasonal time constraints amplify with 
latitude. The corresponding negative clines were gener-
ally consistent in direction but varied somewhat in their 
slopes among continents and temperatures (slopes and 
correlations in Table 1; Fig. 3; marginally significant over-
all effect based on populations as independent units but 
significant when based on full-sib families; continent and 
temperature interactions with latitude not significant in 
ANCOVA Table 2). Latitudinal slopes were more negative 
in North America and Japan than in Europe, where the 
slopes trended negative but were often not significantly dif-
ferent from zero (Table 1). However, at least in Europe the 
negative slopes were strongly driven by the high latitude 
populations; clines in development time are largely flat 
throughout most of the latitudinal range, but then decline 
at very high northern latitudes where flies are clearly 
univoltine (one generation per year) and cannot escape 
seasonal time constraints (Fig. 3; Roff 1980). (Note that 
at 12°C most (often all) offspring from the most northern 
populations entered diapause, explaining missing develop-
ment times at that temperature in Fig. 3.) The separate 
relationships of development time with altitude and winter 
length were overall similarly negative but weaker and not 
significant (Table 2; compare Table 1, Supplementary 
material Appendix 1 Table A3).

Figure 2. Mean ± SE proportion of yellow dung flies diapausing at 12°C (a) and their corresponding diapause duration (b) for latitudinal 
European, North American and Japanese populations. Both traits strongly increase with latitude. (a) Separate slopes (± SE) for Europe 
(0.017 ± 0.002; partial correlation r = 0.36), Japan (0.099 ± 0.005; r = 0.90), and North America (0.036 ± 0.003; r = 0.59; all p < 0.001); 
(b) Europe (0.26 ± 0.13; r = 0.10; p = 0.045), Japan (4.98 ± 2.46; r = 0.28; p = 0.050), and North America (0.48 ± 0.22; r = 0.19; 
p = 0.029).
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The relationship between latitude and adult body size 
(hind tibia length) was overall positive but least consistent 
in direction and slope and sometimes flat, featuring consid-
erable variation between the sexes, temperatures and conti-
nents (Table 1; Fig. 3; see interaction terms with latitude in 
Table 2). Hind tibia length increased steeply with latitude in 
North American flies, only weakly so in Europe, but tended 
to decrease (non-significantly) in Japan (potentially related 
to the lower sample size). The separate effect of winter length 
was similar to latitude, while altitude was overall not sig-
nificant and inconsistent (Table 2, Supplementary material 
Appendix 1 Table A3).

Growth rate (calculated as body size divided by devel-
opment time) consistently increased with latitude across 
all continents (except Japanese females; Fig. 3), again with 
quantitative heterogeneity in the slopes across continents 
and rearing temperatures (Table 1, 2). Winter length again 
closely mirrored latitude while altitude trends were similar 
but weaker and more inconsistent (Table 2, Supplementary 
material Appendix 1 Table A3).

QST/FST comparison

Neutral population differentiation of yellow dung fly 
populations, FST, based on 10 microsatellite markers is very 
low but significantly greater than zero overall (p < 0.001). 
The worldwide FST is 0.044 (95% CI: 0.034, 0.059), but 
differentiation was much lower within continents: 0.005 
(95% CI: 0.002, 0.007) in Europe, 0.014 (95% CI: 0.001, 

0.019) in North America, and 0.006 (95% CI: –0.003, 0.017) 
in Japan (elaborated in Schäfer et al. 2018; cf. Supplementary 
material Appendix 1 Table A2). Geographic quantitative 
genetic population differentiation, QST, of most traits was sig-
nificantly greater than FST and tended to be higher for the 
diapause traits (Table 3; pairwise differences can be inferred 
from the confidence intervals given). However, the purely 
latitudinal component of this variation (i.e. the variance 
component derived from models with latitude as covariate, 
expressed as a fraction of the variance component of the 
corresponding model with population as a factor) typically 
explained only a small fraction, ca 20% (8–40%), of the total 
geographic variation in QST (Table 3). 

Discussion

We have shown for the widespread yellow dung fly that 
latitudinal clines in several interrelated life history traits 
are qualitatively reproducible across three continents in 
the northern hemisphere (Europe, North America, Asia), 
although the slopes of the clines varied considerably across 
continents. As these results are based on laboratory common 
garden rearing of multiple families at the same (arbitrary) 
conditions, they reflect evolved genetic differentiation, as 
opposed to merely phenotypic patterns derived from field-
caught specimens as commonly utilized in macro-ecology 
(Jetz et al. 2009, Chown and Gaston 2010, Van Buskirk et al. 
2011). Latitudinal relationships were most strongly positive 

Table 1. Sex- and temperature-specific regression slopes (B) and corresponding partial correlations (r) for development time, growth rate and 
hind tibia length with latitude based on family trait means (p < 0.05 in bold; p < 0.1 in bold italics), with overall means and 95% CI at the 
bottom. (1 Still significant when test is based on populations as statistical units.)

Temperature Sex

Development time Growth rate (×103) Hind tibia length

B r B r B r

North America
 12 female –0.16 –0.17 0.30 0.30 0.005 0.291

 18 female –0.02 –0.07 0.19 0.17 0.004 0.23
 24 female –0.08 –0.341 0.77 0.441 0.004 0.20
 12 male –0.17 –0.18 0.36 0.32 0.007 0.301

 18 male –0.01 –0.06 0.20 0.17 0.004 0.201

 24 male –0.08 –0.331 0.94 0.431 0.005 0.22
Europe
 12 female –0.03 –0.04 0.10 0.09 –0.001 –0.04
 18 female –0.02 –0.08 0.13 0.14 0.000 0.02
 24 female –0.01 –0.08 0.30 0.241 0.004 0.261

 12 male –0.06 –0.08 0.17 0.191 0.001 0.04
 18 male –0.04 –0.14 0.24 0.201 0.002 0.11
 24 male –0.01 –0.06 0.34 0.211 0.005 0.201

Japan
 12 female –0.13 –0.19 0.11 0.10 –0.006 –0.25
 18 female –0.01 –0.03 –0.13 –0.07 –0.004 –0.17
 24 female 0.03 0.13 –0.20 –0.11 0.000 –0.01
 12 male –0.32 –0.521 0.64 0.521 –0.001 0.02
 18 male –0.02 –0.06 0.25 0.13 –0.005 0.19
 24 male –0.02 –0.07 0.40 0.16 0.010 0.23

mean –0.062 –0.124 +0.284 0.200 +0.003 0.119
95%CI 0.040 0.070 0.130 0.075 0.002 0.074
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Figure 3. Mean ± 95% CI common-garden egg-to-adult development time (top), growth rate (center), and hind tibia length (bottom) of 
(a) male and (b) female yellow dung flies for latitudinal populations on three continents (different colors: Europe, Japan, North America) 
at three rearing temperatures (left to right: 12°C, 18°C, 24°C). Development time generally decreases and growth rate increases with 
latitude, while body size clines are inconsistent.
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for winter diapause traits (as also evident in the largest pro-
portional effect of latitude for diapause incidence in Europe: 
Table 3), were consistent but rather shallow for larval growth 
rate (faster at higher latitudes) and development time (shorter 
at higher latitudes), and most inconsistent for body size 
(Fig. 3; Table 1). Estimates of QST along the latitudinal clines 
were generally greater than estimates of FST, suggesting that 
the observed clines are more likely caused by natural selection 
than genetic drift. 

Latitudinal clines in diapause, growth and body size

Clines in all measured traits are likely directly mediated by 
season length, which latitude well reflects (Supplementary 
material Appendix 1 Table A1), rather than temperature, 
as theory predicts greater propensity of entering diapause, 
faster growth, and shorter development in high latitude 
environments with short seasons (Roff 1980, Rowe and 
Ludwig 1991, Schmidt et al. 2005). Natural, i.e. particularly 
viability selection acting on diapause traits is known to be 
immediate and strong in many species, resulting in marked 
heritable clines in diapause incidence and/or duration (both 
of which should increase with winter length if adaptive: cf. 
Supplementary material Appendix 1 Table A1; Tauber et al. 
1986, Bradshaw and Holzapfel 2001, Schmidt et al. 2005). 
Natural selection on juvenile growth and development is typi-
cally also substantial (Nylin and Gotthard 1998; see estimates 
for dung flies in Blanckenhorn 2007), despite considerable 
phenotypic plasticity assuaging such selection (Blanckenhorn 
2009). Their wide latitudinal range notwithstanding, the 
experienced climatic conditions at the beginning and the 
end of the season may actually not differ so much for flies 

at the various sites because the season begins later and 
ends earlier at higher latitudes (as winter length increases: 
Supplementary material Appendix 1 Table A1). Particularly 
in light of the species’ great dispersal capacity mediating gene 
flow (Kaufmann et al. 2013, Schäfer et al. 2018), generally 
weaker selection may thus produce only slight differentiation 

Table 2. Analysis of covariance (ANCOVA) tables for three life history traits. The separate effects of the (linear) covariates latitude, altitude 
and winter length are given, in general going in the same direction (sign of relationship in brackets). The last three blocking factors were 
tested against the number of full-sib families (n = 1829–2192), the remaining terms against the number of populations as the error (n = 81–83). 
p < 0.05 in bold; p < 0.1 in bold italics.

df

Hind tibia length (mm) Development time (d) Growth rate (mm d–1) × 10–4

F p F p F p

Intercept 1 4447.32 < 0.001 1787.94 < 0.001 622.86 < 0.001
Latitude 1 9.62 0.003(+) 2.97 0.089(–) 22.68 < 0.001(+)

Altitude 1 2.29 0.134(+/–) 2.51 0.117(–) 2.62 0.109(+)

Winter length 1 7.03 0.010(+) 1.34 0.251(–) 17.39 < 0.001(+)

Continent 2 89.01 < 0.001 39.80 < 0.001 45.84 < 0.001
Temperature 2 96.51 < 0.001 1809.50 < 0.001 2883.75 < 0.001
Continent × temperature 4 8.05 < 0.001 10.67 < 0.001 2.85 0.029
Continent × latitude 2 2.60 0.080 ns ns
Temperature × latitude 2 ns ns ns
Continent × temperature × latitude 4 ns ns ns
Sex 1 587.73 < 0.001 17.72 < 0.001 53.79 < 0.001
Sex × continent 2 66.33 < 0.001 3.28 0.043 3.80 0.027
Sex × temperature 2 136.96 < 0.001 16.81 < 0.001 96.73 < 0.001
Sex × continent × temperature 4 9.22 < 0.001 ns 4.56 0.002
Sex × latitude 1 10.31 0.002 ns 13.51 0.002
Sex × continent × latitude 2 ns ns 9.93 0.028
Region (continent) 2 3.29 0.038 15.65 0.017 16.44 < 0.001
Collection block (continent) 3 6.92 < 0.001 10.15 < 0.001 15.51 < 0.001
Generation 7 1.20 0.297 7.96 < 0.001 5.63 < 0.001

Table 3. Quantitative genetic geographic population differentiation 
estimates (Qst ± 95% CI) for six life history traits of North American 
and European yellow dung fly populations across both sexes and all 
temperatures (Japan omitted due to low sample size). The percent-
age of the total geographic variance among populations that is 
explained by latitude is also given. Bold values are significantly 
greater than the corresponding Fst value estimating neutral variation 
as outlined by Whitlock and Guillaume (2009; not applicable to the 
binary trait p(diapause). Two estimates differ significantly roughly 
when the 95% CI of one value does not overlap the mean of the 
other.

Qst(pop)
Low 

95% CI
High 

95% CI
% Variance 
(latitude)

North America
 p(diapause) 0.142 0.050 0.250 19.2
 Diapause duration 0.130 0.011 0.342 13.4
 Body size 0.057 0.004 0.136 24.3
 Development time 0.140 0.038 0.260 26.5
 Growth rate 0.076 0.012 0.165 38.2
Fst 0.014 0.010 0.019
Europe
 p(diapause) 0.111 0.040 0.200 39.9
 Diapause duration 0.188 0.068 0.367 10.7
 Body size 0.325 0.122 0.567 8.0
 Development time 0.103 0.041 0.178 12.5
 Growth rate 0.174 0.024 0.380 12.3
Fst 0.005 0.002 0.007
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in growth, development and final body size, presumably 
because these traits are optimized according to similar costs 
and benefits everywhere, ultimately resulting in the rather 
shallow clines observed.

Body size (hind tibia length), in contrast, varied consider-
ably with latitude, with specifics differing even qualitatively 
among continents (Fig. 3; Table 1). Although flies gener-
ally got larger with increasing latitude in North America, 
the Japanese clines were sometimes slightly negative, and 
the European clines largely flat or somewhat hump-shaped. 
Positive Bergmann clines (increasing body size with latitude) 
are inconsistent with selection caused by seasonal time con-
straints, which is predicted to lead to converse (i.e. negative) 
size clines (smaller at higher latitudes: Masaki 1967, Roff 
1980, Mousseau 1997, Shelomi 2012), suggesting that sea-
sonality is not an adequate general explanation for the body 
size clines documented here. Flat latitudinal body size clines 
may suggest perfect countergradient variation (Levinton and 
Monahan 1983, Conover and Present 1990), according to 
which the genetic body size of latitudinal populations pre-
sumably evolves to (precisely) compensate for any local envi-
ronmental factors limiting phenotypic size. However, this 
postulates a global optimal body size, for which there is little 
evidence in yellow dung flies (Blanckenhorn 2007, 2009). 
Rather, adult male body size is under strong positive sexual 
selection and female size under strong positive fecundity 
selection in most populations, although the intensity of selec-
tion, including that of juvenile viability selection, varies con-
siderably across space and time (Jann et al. 2000, Kraushaar 
and Blanckenhorn 2002, Blanckenhorn 2007, 2009). We see 
little reason why sexual and/or fecundity selection should get 
systematically stronger with latitude, which could explain the 
primarily positive Bergmann clines obtained, and we have no 
such evidence. 

We can only speculate about the continental differences in 
the body size clines, which are consistently positive in North 
America but largely flat in Europe and Japan. Continental 
differences in molecular genetic variation suggest that North 
American dung flies have Eurasian ancestry (and not vice 
versa), and that the New World has likely been colonized 
quite recently (Schäfer et al. 2018). Colonization in North 
America presumably occurred from the (south)east to the 
northwest, such that body size tends to increase in the pre-
sumed direction of colonization in agreement with greater dis-
persal capacity of larger individuals, as postulated and found 
in a variety of taxa including bees and flies (Guédot et al. 
2009, Zurbuchen et al. 2010, Rohner et al. 2015). While 
the Japanese sample size is too limited to permit firm conclu-
sions, migration and gene flow may have equalized body sizes 
in the likely ancestral and therefore much older European 
fly populations, eventually resulting in weak to no latitudinal 
differentiation. 

We stress that winter length (i.e. the inverse of season 
length: Supplementary material Appendix 1 Table A1) gener-
ally produced qualitatively and quantitatively similar effects 
as latitude (Table 2), whereas effects of the altitude at which 

the populations were sampled were expectedly in the same 
direction as those for latitude but much weaker and often not 
significant for all traits (Table 1, 2, Supplementary material 
Appendix 1 Table A3; Fig. 2, 3). In particular, altitude cannot 
help explain the lack of clear clines in Europe, as in connec-
tion with the heat sensitivity of yellow dung flies altitude and 
latitude are strongly negatively correlated (Supplementary 
material Appendix 1 Table A1). In general, in yellow dung 
flies all covariates considered here (latitude, altitude, winter 
length, even longitude) tend to be highly correlated, such 
that their effects cannot be effectively separated statistically.

Integrating all life history traits studied, we suggest that 
natural selection exerted by season length is foremost opti-
mizing juvenile growth and development rates, and not body 
size per se. As these two juvenile traits determine final adult 
size, body size is initially merely indirectly selected, and later 
further optimized by sexual and fecundity selection at the adult 
stage (Blanckenhorn 2007, 2009). This implies that body size 
should be substantially influenced by correlational selection 
on the other juvenile traits and more difficult to optimize in 
general due to multiple conflicting selection pressures at vari-
ous life stages. In this sense, the diverse (Bergmann, converse 
Bergmann, or flat) body size clines evident in nature for vari-
ous species, and also here for a single species, may be regarded 
as a secondary consequence or epiphenomenon that is natu-
rally more fickle and ultimately more difficult to predict or 
explain than the much clearer diapause, development time, 
and growth rate clines obtained here (Partridge and Coyne 
1997, Huey et al. 2000, Blanckenhorn and Demont 2004). 
Nevertheless, yellow dung flies primarily display positive 
Bergmann size clines and not the negative clines predicted 
by season length effects (Mousseau 1997, Blanckenhorn 
and Demont 2004), implying that other factors must be at 
work. What remains possible is that Bergmann clines are 
non-adaptive consequences of the temperature dependence 
of physiological processes at the cellular level (Van Voorhies 
1996, Atkinson and Sibly 1997). This was our prime moti-
vation for assessing latitudinal population variation at three 
different temperatures, as we expected any physiological 
process to result in systematic clinal patterns in response to 
rearing temperature (James et al. 1997, Gilchrist and Huey 
2004). While we found some heterogeneity in slopes across 
the three representative temperatures used, this variation was 
not systematic (Table 1). We therefore conclude that the 
slope plasticity found here for body size does not indicate a 
systematic physiological pattern, adaptive or not.

FST and QST along the latitudinal clines

Worldwide neutral molecular differentiation, FST, in yellow 
dung flies proved low (ca 4.5%), and even lower (ca. 
1%) within continents, although these values are signifi-
cantly greater than zero due to our substantial sample sizes 
(elaborated in Schäfer et al. 2018; Supplementary material 
Appendix 1 Table A2). On average, we expected and largely 
found quantitative genetic population differentiation (QST) 
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to exceed FST across geographic regions and rearing tempera-
tures (Table 3). This result supports a general role of natural 
selection in mediating consistent geographic and latitudinal 
differentiation of yellow dung fly life histories, even more so 
because it was repeatable across the continents (Merilä and 
Crnokrak 2001, Leinonen et al. 2008). As latitudinal dif-
ferentiation necessarily explains only a fraction of the total 
geographic differentiation, latitudinal QST is inevitably lower 
than QST based on non-directional geographic population dif-
ferentiation. However, beyond the relatively large latitudinal 
component of QST for diapause incidence (ca 40%) and the 
rather small component for body size (8%) in Europe (which 
shows greatest overall variation of all traits: Table 1–3, Fig. 3), 
latitude explains ca 10–25% of the geographic variance for 
most traits assessed. Comparing QST values among traits also 
does not reveal any marked patterns, other than values being 
on average lower in North America than in Europe (Table 3). 
We had expected that QST would reveal which traits are sub-
ject to stronger (direct) selection, for which the relative latitu-
dinal variance component should then be observably higher 
(e.g. for diapause vs body size). However, though the QST/FST 
ratio consistently suggests that traits are under selection for 
differentiation along the cline, we see no clear patterns indi-
cating which traits are consistently (i.e. across continents) 
under greatest selection (Table 3).

Reproducibility of geographic clines

Reproducibility of evolved patterns is necessary but not suf-
ficient evidence for trait differentiation along clines being due 
to evolution by natural selection, as alternative constraint-
based or demographic hypotheses can also produce consistent 
patterns (Flatt 2016, and references therein). For instance, as 
discussed above, secondary colonization from Europe may 
partly explain the North American Bergmann cline, possi-
bly being mediated by better flight propensity of larger flies. 
Independent of the underlying cause, the evidence presented 
here that latitudinal clines in growth rate, development time 
and diapause in the widespread yellow dung fly are largely con-
sistent on three continents is a major step towards elucidating 
their possible adaptive nature. Evidence for parallel evolution 
of independent intraspecific clines in nature, all else being 
alike, is very rare, primarily because it can be uncovered only 
in widespread species (Partridge and Coyne 1997). Parallel 
continental clines for body size (but no other traits) so far had 
been documented for Drosophila subobscura, which colonized 
from Europe to evolve similar body size clines in North and 
South America (Huey et al. 2000, Gilchrist et al. 2004), and 
in D. melanogaster across Europe, Africa, Australia, North and 
South America by various accumulated studies (James et al. 
1997, Zwaan et al. 2000, Klepsatel et al. 2014). Whilst 
latitudinal clines in diapause propensity, growth rate and 
development time are primarily mediated by season length 
and clearly match theoretical predictions for adaptive traits 
shaped by natural selection (Roff 1980, Rowe and Ludwig 
1991, Bradshaw and Holzapfel 2001, Schmidt et al. 2005), 
the adaptive nature of the slight (and sometimes totally flat) 

Bergmann clines for body size obtained here remains ambig-
uous. We currently favour the hypothesis that they may be a 
secondary consequence of selection pressures shaping growth 
and development, and therefore are less consistent in gen-
eral, not least also because Bergmann (presumably exerted by 
temperature) and converse Bergmann effects (exerted by sea-
son length) may combine to yield any intermediate outcome 
(Blanckenhorn and Demont 2004).

Latitude merely is a traditional proxy for systematic 
changes in climate on which some prominent histori-
cal biogeographic rules are based (Blackburn et al. 1999, 
Blanckenhorn and Demont 2004, Shelomi 2012). One 
might therefore think that such a proxy has become obsolete 
because site-specific climate data are now widely available 
world-wide. This is not so. Most crucially, as should have 
become evident from the above discussion, most of the key 
climatic variables (temperature, season length, insolation, 
UV radiation, humidity, etc.) change in conjunction along 
latitude such that they are necessarily highly correlated, gen-
erally too correlated so as to statistically separate them using 
multiple regressions. This was also the case here. As latitude 
is often obtainable even for poorly documented data sets in 
the literature, meta analyses therefore will continue to use 
this proxy for years to come. To elucidate the adaptive value 
and selective causes of intraspecific Bergmann clines, more 
studies of widespread species are needed that integrate vari-
ous interrelated life history traits to document reproducible 
patterns on several continents.
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