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Abstract 
The evolution of traits in hosts may be influenced by their parasites and vice versa and a coevolutionary arms race often develops between the two. As part of such an arms race, the common cuckoo mimics the eggs of its hosts to avoid egg rejection. Traits related to this arms race may also be influenced by climatic conditions, such as temperature, affecting, for example, food availability and, thus, female condition and egg size (therefore may reflect Bergmann's rule or the resource rule). The potential interaction between coevolution and climate has rarely been studied. We investigated whether egg and body size of cuckoos and reed warblers from Britain and Denmark had undergone change between 1868 and 1956, and whether such changes were correlated with climatic factors. Cuckoo egg size decreased during the studied period while warbler egg size remained stable. Hence, cuckoo and warbler eggs have become more similar in size over time. Cuckoo egg volume decreased with increasing annual precipitation, but annual precipitation decreased over time. Warbler egg volume increased with spring temperatures (which could not reflect Bergmann's rule, but may support the resource rule). Hence, it seems that the measured climatic indices did not affect cuckoo egg size but may in part affect warbler egg size. Therefore, the decrease in cuckoo egg size may be the result of the coevolutionary arms race. Body and egg sizes in the cuckoos were negatively correlated whereas warbler body and egg sizes were uncorrelated, suggesting that selection probably acted on egg size directly and not via selection on body size. Taken together, these findings may indicate that climate change, the coevolutionary arms race, or both, affected egg sizes. It is suggested that drawing conclusions regarding the arms race without taking into account other selective pressures (e.g., climate) may confound conclusions regarding parasite-host systems.	

Keywords  Arms-race · Birds · Body size · Brood parasitism· Egg size · Climate change 
Introduction 
An evolutionary arms race often develops in host-parasite systems, in which the host evolves defences against the parasite and the latter evolves countermeasures to overcome these defences (Rothstein 1990; Davies 2000; Payne 2005; Kilner 2006). The arms race between brood parasitic birds and their hosts is thought to operate throughout all life-history stages (Grim et al. 2011; Feeney et al. 2014). Traits involved in such arms races include the ability of the host to identify and reject the egg of the parasite in tandem with improved parasite "trickery" (e.g., egg mimicry). Phenotypic changes resulting from these arms races may manifest within short time periods. For example, Spottiswoode and Stevens (2012) suggested that the cuckoo finch (Anomalospiza imberbis) and its host the African tawny-flanked prinia (Prinia subflava), have tracked the colour and pattern of each other’s eggs over a period of 40 years.
The traits under selection in a coevolutionary arms race can also be under selection pressure from factors unrelated to this process (e.g., Avilés et al. 2012). Climatic factors, for example, may independently influence the coevolved traits and blur the effect of selective pressure exerted by host defences and parasite countermeasures (Avilés et al. 2006a; Avilés et al. 2012). Body sizes of many species have been changing recently, perhaps in response to global warming – either directly ( e.g., size decrease as predicted under Bergmann’s rule ) or indirectly through, for example, consequent changes in food availability that may result increases in body size (Jarvinen 1994; Yom-Tov et al. 2006; Salewski et al. 2010; Yom-Tov and Geffen 2011, but see Meiri et al. 2009). Changes in body size, especially of females, may be reflected in egg size, because the two traits are often highly correlated (Rahn et al.1975; Blueweiss et al. 1978). As egg morphology may be under selection from the arms race and is additionally influenced by female size, selection pressures acting on the host and parasite egg sizes may be independent or even conflicting. Bird egg size is a labile character that responds to selection pressures even over short time periods (e.g., as demonstrated in selection experiments; Nordskog et al. 1974). Therefore, any change in egg size may occur in the context of an evolutionary arms race (Servedio and Lande 2003). 
Common cuckoos (Cuculus canorus, hereafter: ‘cuckoos’) are obligate brood parasites. The reed warbler (Acrocephalus scirpaceus, hereafter: ‘warbler’) is one of the cuckoo’s main hosts in Europe (Brooke and Davies 1987; Moksnes and Røskaft 1995). The reed warbler was a relatively rare host in Northern Europe during the 19th century but became an increasingly common one during the 20th century (e.g., Avilés et al. 2006b). Cuckoo nestling eject warbler eggs and young from the nest, severely reducing the warblers’ fitness (Wyllie 1981; Anderson et al. 2009). Warblers have therefore evolved mechanisms to recognize and reject cuckoo eggs before they hatch (Davies 2000; Stokke et al. 2008). Cuckoos have, in turn, evolved eggs that mimic warbler eggs in colour, pattern and size (Davies and Brooke 1988; Moksnes and Røskaft 1995). Cuckoos lay relatively small eggs for a bird of their size but still larger than those of warblers (Darwin 1859; Rahn et al. 1975; Krüger and Davies 2004). Because relatively small cuckoo eggs most resemble the size of warbler eggs, such cuckoo eggs may be less likely to be recognized and rejected by the host, especially when egg spotting pattern and colour are similar between cuckoo and host.
We investigated whether egg sizes of cuckoos and warblers had undergone change during the first half of the 20th century, in response to one another, and/or to climatic factors. In order to tease apart the possible effects of the arms race from direct effects of adult body size on egg size, we examined both egg and adult size of cuckoos and warblers. We assessed the possible effects of temperature and precipitation at the time and place of egg collection on egg and body sizes of both species. 
Even in the lack of parasitism in the host population, changes in warbler egg size may also be driven by environmental changes. However, in a parasitized population, the interpretation of changes in egg size is more complicated, as the presence of parasitism may also explain such changes (see below for more details). Further, if cuckoo eggs found in reed warbler nests become smaller over time this might be due to two possible scenarios. The first scenario is that cuckoos continue to lay eggs of similar size over time but warbler rejection abilities improve (but no apparent selection yet on cuckoo egg size). This may lead to the ejection of large cuckoo eggs, leaving human observers to find only the smallest cuckoo eggs (a sampling bias in terms of assessing the real size of the cukcoo eggs being laid). Importantly, this scenario only works if warblers reject cuckoo eggs by ejection and not desertion. The second scenario suggests that cuckoos actully laid smaller eggs over time, due in part to selective pressure exerted by the warblers (i.e., rejection of large cuckoo eggs). The main rejection response of  reed warblers to cuckoo parasitism, however, is mostly by desertion, while ejection has been reported to be rare (e.g., see: Blaise 1965; Löhrl 1979; Wyllie 1981; Erlinger 1984; Davies and Brooke 1988; Stokke, personal observations). Such deserted clutches would still be collected by humans and eggs would be available for us to measure. Hence, possible biases due to sampling errors of cuckoo egg size by human collectors (as noted in scenario one) should be of minor importance. 
If selection has improved the ability of the warblers to reject cuckoo eggs over time, we would expect both small and large cuckoo eggs to have been laid in warbler nests during the early periods studied here (i.e., during the late 19th and early 20th century). In later periods, as warblers evolved to progressively reject large cuckoo eggs (or desert nests with such eggs), only the smallest parasite eggs would successfully hatch. Hence, the frequency of cuckoos laying larger eggs may decrease with time. Therefore, we predict that the variation in cuckoo egg sizes will decline over time, because in later periods the largest cuckoo eggs will be rejected by the warblers. 
If cuckoos lay progressively smaller eggs, warbler eggs too may become smaller over time. This is because those hosts laying the smallest eggs would most easily detect the progressively smaller cuckoo egg and hence the host population would eventually consist of individuals laying smaller eggs. To further complicate the situation, cuckoos may have evolved the ability to actively select host nests containing large warbler eggs (Cherry et al. 2007). If this is the case, we would expect cuckoo eggs to be found in host nests containing the largest host eggs in the later periods studied here.
Directional climate changes could be expected to produce changes in egg size. Hence, coevolutionary changes in egg size will be difficult to identify, especially during periods of warming. This is because environmental factors, for example those following Bergmann’s rule logic, such as increasing temperatures, may lead to a decline in egg size either through direct selection on egg size (but see Meiri and Dayan 2003) or, more likely, through a reduction in female body size. According to the resource rule (McNab 2010), however, body and egg sizes would increase with increasing temperatures and precipitation in temperate regions (such as Northern Europe) due to increased food quality and availability. 
Adult cuckoos feed to a great extent on hairy caterpillars (del Hoyo 1997). If, for example, climatic changes mean that butterflies and moths are less abundant, then there will be fewer caterpillars for female cuckoos to consume during the breeding season. This may lead to lower investment in egg production and perhaps to smaller cuckoo eggs. Warblers feed on diverse insects and spiders (del Hoyo 1997) and the abundance of these invertebrates may likewise vary with local temperature and precipitation regimes. 

Materials and Methods
Egg and body size measurements
To detect potential changes in egg and body size over time, we measured cuckoo and warbler eggs and cuckoo and warbler skins from the same areas in which the eggs were collected. Eggs and skins were measured using digital callipers at the Natural History Museum of Denmark, Copenhagen and the Natural History Museum, London (at Tring). We documented the year of collection of all eggs and skins and calculated mean warbler egg volume per clutch for the warblers and for the single cuckoo egg in each nest for each year (we averaged cuckoo egg volume in the 43 warbler nests that contained two cuckoo eggs). Egg volume (in cm3) was calculated as: (0.51×L) (mm)*B2 (mm))/1000, where: L = maximum egg length, B = maximum egg breadth (Hoyt 1979). Cuckoo eggs in warbler nests found in the museum collections represent only those eggs that were not ejected by warblers. We defined "non-parasitized" warbler nests as nests that did not contain cuckoo eggs or parts of eggs. Clutches and skins were collected at sites in Denmark and Britain (see details in Appendix 1; Fig. 1). Fewer clutches had been collected during the first decade of the studied period. We therefore ran a senstivity analysis in which we removed eggs collected in this decade from the dataset. This omission did not qualitatively affect our results (i.e., we obtained similar slopes and significance levels). We therefore present the results of the analysis run over the entire dataset. We measured tarsus length as an index of adult body size, as it provides a good indicator of overall avian body size (Senar and Pascual 1997).
Climatic data
We used climatic data from the years when eggs and skins were collected in order to assess whether climatic changes were correlated with egg and body sizes of cuckoos and warblers. We assigned to each egg and skin the mean spring and early summer temperature and precipitation (from May to July, hereafter “spring”), and mean annual temperature and precipitation in the year and location of their collection. Cuckoos and warblers remain at the breeding sites in Denmark and Britain mainly from May to July (Joys and Crick 2004). Climatic conditions during this period are thus relevant for their thermoregulation and food availability. Temperature and precipitation during the rest of the year, however, may also be relevant, because these annual factors may affect food availability during the period that these birds spend at their European breeding sites (e.g., severe winters may affect insect abundance during the following spring and summer). 
Temperature and precipitation data were retrieved from the Royal Netherlands Meteorological Institute (http://climpexp.knmi.nl/getstations.cgi) and from NASA (http://www.giss.nasa.gov). Climatic data were derived from the meteorological stations closest to collection localities. Stations were, on average, 27.8 km away from the collection localities and no more than 100 km away. 
Statistical analysis
Egg volumes and tarsus lengths were log-transformed prior to all analyses to conform to the assumptions of parametric tests. We used linear models to concomitantly assess the effects of latitude, country (Britain or Denmark), spring and annual temperatures, spring and annual precipitation and the year in which eggs were collected, on the egg volumes of each of the two species. For the warblers, we also included whether eggs were from a parasitized or non-parasitized nest as a predictor. We examined the relationships between tarsus length and the same climatic factors that we used for egg volume, while controlling for bird gender. To examine whether changes in egg sizes reflected changes in adult body size, mean egg sizes within country for each year were regressed against the tarsus length of females collected during that year. 
To test for collinearity of the predictor variables, we examined variance inflation factors (VIF). The best way to avoid collinearity is by dropping collinear covariates. The choice of which covariates to drop can be based on the degree of collinearity or have a basis in biological knowledge (Zuur et al. 2010). We dropped variables that were highly collinear with others and were likely to have little direct biological effect (e.g., longitude, VIF = 18.7, was highly correlated with country: longitude is also weakly correlated with body size in Europe; Meiri et al. 2005). We retained only factors with VIFs < 3 (following Zuur et al. 2010; see Appendix 2). Latitude (VIF = 2.03) was also included in the models because of the potential effects of Bergmann's rule. Statistical tests were performed with R (R development core team 2013). Model selection was based on AICc (corrected Akaike information criterion), where the best models were those with the lowest score. Since many models had similar AICc values (ΔAICc < 10, following Burnham and Anderson 2002), we used weighted average parameter estimates across the best models (Johnson and Omland 2004) to assess which parameters were most tightly related to egg volume. The parameters included in the best models (all ΔAICc < 10) and their model-selection statistics are shown in Appendices 3-6. Since we found that the variation in cuckoo egg volumes had increased over time (see below), we used a general linear model (GLM) with gamma error structure (Venables and Ripley 2002) to assess cuckoo egg size evolution. We did not find deviations from normality and homoscedasticity in the residuals of our other models and therefore used linear models to analyze warbler body and egg size and cuckoo body size. To examine whether egg size variability had changed over time, the within-year coefficient of variation (CV) of log egg volume was regressed against the year of collection of parasitized and non-parasitized nests. 

Results
Egg volume
The model-averaged parameter estimates in the gamma regression models, for cuckoo egg volume across best models (ΔAICc < 10), suggest that cuckoo egg volume had decreased over time (Fig. 2), was larger in the UK than in Denmark, increased with increasing latitude and decreased with increasing mean annual precipitation (Table 1A, all interaction terms resulted in increased AICc scores). 
The model-averaged parameter estimates in the regression models, for warbler egg volume across best models (ΔAICc < 10), suggest that warbler egg volume increased with spring temperature but did not change with time (Fig. 2) and was larger in the UK than in Denmark (Table 1B, all interaction terms resulted in increased AICc scores). The model-averaged parameter estimates for warbler egg volume further demonstrate that warbler eggs in parasitized clutches were, on average, 8% larger than eggs in non-parasitized clutches (parasitized: n = 1206 clutches, mean egg volume = 0.26 ± 0.002SE cm3; non-parasitized: n = 203 clutches, mean egg volume = 0.24 ± 0.001 SE cm3; Table 1A). Mean warbler egg volume was independent of clutch size (n clutches = 1409, slope = -0.01 ± 0.009 SE, t = 0.64, P = 0.5). The coefficient of variation (CV) of cuckoo egg volume increased over time (n = 50 years, slope = 0.05 ± 0.02 SE, R² = 0.12, P = 0.02, Fig. 3), while that of warbler egg volume remained stable (parasitized: n = 50 years, slope = 0.04 ± 0.03 SE, R² = 0.04, P = 0.16; non-parasitized: n = 39 years, slope = 0.05 ± 0.05 SE, R² = 0.03, P = 0.75, Fig. 3). 
Surprisingly, egg volume of both species was larger in the UK than in Denmark. Because most warbler nests contained one cuckoo egg (except from 5 nests in the UK and 38 nests in Denmark) cuckoo clutch size was similar in Denmark and Britain (Denmark 1.035 eggs ± 0.034 SE; UK 1.029 eggs ± 0.029 SE; t 1296 = 0.357, P = 0.720). Warbler clutch size was significantly larger in non-parasitized nests from Denmark (4.25 eggs ± 0.63) than from the UK (3.89 eggs ± 1.18) (t201 = 1.97, P = 0.007) (we used only non-parasitized nests as in parasitized nests, the adult cuckoo may eject or swallow some of the warbler eggs). This in part may explain why individual eggs were smaller in Denmark.

Body size and climate
Tarsus lengths of both female and male cuckoos were longer in Britain than in Denmark (n = 77 skins, R2 = 0.49, P < 0.001; Table 2A). The model-averaged parameter estimates for cuckoo tarsus length demonstrate that it was slightly larger in males than in females and increased slightly with annual precipitation (Table 2A). Warbler tarsus length increased with spring temperature, was larger in Britain than in Denmark and was slightly larger in males than in females (Table 2B). Despite no significant relationships between tarsus length and year, there was a significant (albeit weak) positive correlation between spring temperature and year (slope = 4.77 ± 0.43 SE, multiple R2 = 0.08, P < 0.001, Fig. 4a). However, there was no significant correlation between annual temperature and year (slope = 0.00007 ± 0.12 SE, multiple R2 = 0.001, P = 0.1; Fig 4a). Further, there was a significant (albeit weak) negative correlation between annual precipitation and year (slope = -0.0005 ± 12.2 SE, multiple R2 = 0.04, P = 0.001; Fig 4b) but no significant correlation between spring precipitation and year (slope = 0.0002 ± 1.61SE, multiple R2 = 0.001, P = 0.2; Fig 4b). 
Female cuckoo tarsus length and egg size were negatively correlated (corrected for year and country of origin: slope = -0.018 ± 0.004 SE, n = 13 years, multiple R2 = 0.64, P = 0.001). Female warbler tarsus length and egg size were uncorrelated (corrected for year and country of origin: slope = 0.007 ± 0.0003 SE, n = 10 years, multiple R2 = 0.49, P = 0. 1). 

Discussion

Cuckoo and warbler egg volume trends
The coevolutionary arms race between the cuckoo and its hosts is well documented (Darwin 1859; Dawkins and Krebs 1979; Rothstein 1990; Davies 2000; Payne 2005; Stevens 2013). We found that cuckoo egg volume decreased over time, whereas reed warbler egg volume did not change. Cuckoo body size and egg volume were negatively correlated, whereas warbler body and egg sizes were uncorrelated. Thus, selection probably acted directly on egg size of cuckoos and not via influences on body size. This may provide further evidence for the existence of a coevolutionary arms race between the cuckoo and its warbler host at the egg level. Climate change, however, probably also influences egg size making decoupling the effects of climate and coevolution challenging. We demonstrate here that climate change may play a role in the matching of egg volume between cuckoo and warbler. This is because the changes in egg volume, at least in warblers, were correlated with changes in certain climate variables (although not necessarily reflecting a cause and effect relationship). 
A possible explanation for the apparent decrease in cuckoo egg size over time is that warblers simply improved their ability to discriminate eggs by size (i.e., they rejected the larger cuckoo eggs at a higher frequency), and thereby enforced a strong selective pressure on cuckoos to evolve smaller eggs. Alternatively, warblers may have improved their ability to eject larger cuckoo eggs without affecting changes in cuckoo egg size as yet, resulting in a bias towards small eggs amongst those retained in the nest and obtained for egg collections. This may produce a false impression that cuckoo eggs had become smaller. We find this second option unlikely given the low number of ejection events of cuckoo eggs by warblers (e.g., see: Blaise 1965; Löhrl 1979; Wyllie 1981; Erlinger 1984; Davies and Brooke 1988; Stokke, personal observations). An enhanced ability of warblers to eject (rather than to detect and desert) progressively smaller cuckoo eggs is therefore unlikely to be the main cause for the decline in cuckoo egg size. 
If selection has improved the ability of the warblers to reject cuckoo eggs over time, one may predict that the variation in cuckoo egg sizes will decline over time, because in later periods the largest cuckoo eggs will be rejected by the warblers. However, contrary to this prediction, the coefficient of variation (CV) of cuckoo egg volume increased over time rather than decreased. One possible explanation is that different rates of parasitism in the host populations included in the current study resulted in different rates of selection exerted by warblers on cuckoo egg sizes. 
Stokke et al. (2008) found that the rejection rates in 14 warbler populations throughout Europe varied between 5% and 69%, with higher rejection rates in heavily parasitized populations. We do not have data with regard to the parasitism rates and rejection rates during the studied period and therefore cannot assess the likelihood that our "non-parasitized" nests may initially have been parasitized. 
Davies and Brooke (1988) found that large model eggs, about twice as large as cuckoo eggs, were more likely to be rejected than normally-sized cuckoo eggs. This suggests that warblers can detect and reject cuckoo eggs based on their size, although it is yet to be determined whether the differences in size that we have found between cuckoo and warbler eggs is sufficient for the hosts to detect alien eggs. 
Important evidence in favour of a potential ability of warblers to detect cuckoo eggs and reject them is the fact that the average warbler egg volume in parasitized nests was ca. 8 % larger than the average warbler egg volume in non-parasitized nests. The average cuckoo egg volume across the studied period was ca. 86 % larger than the average warbler egg in parasitized nests. Therefore, there was a 94 % size difference between cuckoo egg volume and warbler egg volume in non-parasitized nests, which may have facilitated easier detection and rejection of cuckoo eggs by some reed warblers. 
Another possibility is that cuckoos actively selected nests with large warbler eggs, to minimize the probability that the warblers would detect and reject the cuckoo eggs. Cuckoos are indeed more likely to parasitize nests close to vantage points (Moskat and Honza 2000). These areas are also likely to be better foraging sites for nesting warblers, which often leave the reeds to forage in nearby bushes for insects (Moskat and Honza 2000). Hence, hosts that are more likely to be parasitized may also be in better condition and may therefore lay larger eggs. There is some evidence that cuckoos actively search for suitable host nests, that is, selecting nests containing eggs with similar chromatic characteristics to cuckoo eggs (Honza et al. 2014), large nests and nests of relatively active host pairs (Cherry et al. 2007). 

Climate change, body size and egg size 
The impact of climate change on bird body and egg sizes has recently received much attention (Walther et al. 2002; Tryjanowski et al. 2004; Yom-Tov et al. 2006; Teplitsky et al. 2008; Yom-Tov and Geffen 2011; Sheridan and Bickford 2011). Many of these studies have reported correlative evidence for a decline in the body size of mammals, and especially of birds, in response to climate change (Tryjanowski et al. 2004; Parmesan 2006). Other studies have shown either no trend (Meiri et al. 2009) or a size increase (Yom-Tov et al. 2006), probably as a result of an increase in the availability of food following global warming over the last fifty years (Bolton et al. 1993; Rychlik and Jancewicz 2001).
	Under Bergmann’s rule, body and egg sizes of both species are expected to decline with increasing temperatures. We found no decrease in either body or egg size with increasing temperature (Tables 1 and 2), and therefore cannot invoke Bergmann's rule to explain egg size changes. The increase in egg size with increasing spring temperature in warblers may reflect the resource rule (McNab 2010), if food quality and availability indeed increased with increasing temperature. There was a significant negative correlation between cuckoo egg volume and annual precipitation, namely cuckoo egg size decreased with increasing precipitation. However, we found that annual precipitation significantly (albeit weakly) decreased over time. This would mean that cuckoo egg volume was predicted to increase, if indeed egg volume is influenced by the amount of precipitation, rather than decrease over time as we found. Hence, it seems that annual precipitation did not directly affect cuckoo egg size over time. Therefore, it looks that other factors (e.g., the arms race) contributed to the significant negative correlation between cuckoo egg volume and year.
As to the differences in egg size between the countries, it is important to note that egg size was larger in the areas in the UK from which the eggs were collected despite them being, on average, southern to the areas in which the eggs were collected in Denmark. This seems to be opposite to what would be predicted as body size is expected to decrease with decreasing latitude following Bergmann's rule, and therefore egg size is predicted to be smaller rather than larger in the UK (although tarsus length was not affected by latitude in both species). These results may be in part due to the fact that in some cases, seasonality is related to clutch size (Lack 1946; Jetz et al. 2008). Seasonality increases with latitude, and in some cases (e.g., in Europe) also with longitude. Northern and Eastern Europe are more seasonal than Southern and Western Europe (Lack 1946, Bell 1996). Given the effects of seasonality on clutch size, birds in the former areas tend to have larger clutch sizes than birds in the latter areas. Given the potential trade-off between clutch size and egg size (Jetz et al. 2008), egg size in Western countries in Europe (e.g., UK) is predicted to be larger than in more Eastern countries (e.g., Denmark). Indeed, we found that warbler clutch size was significantly larger in Denmark than in the UK, whereas egg size was larger in the UK than in Denmark. Another possible explanation for the difference in egg size between the countries is that tarsus length of the warblers in the UK was larger than the warblers in Denmark. This may mean that warblers in the UK were larger and therefore laid larger eggs. However, other factors that either directly or indirectly related to seasonality (e.g. food availability) or unrelated to seasonality could act to result the pattern of smaller eggs in Denmark.
Warbler egg volume increased with spring temperatures, and spring temperatures increased over time. Egg size increase therefore could not reflect Bergmann's rule, as warbler body size also increased, but may support the resource rule (McNab 2010). Cuckoo egg volume decreased with increasing annual precipitation, but annual precipitation decreased over time. Hence, it seems that the measured climatic variables did not directly affect cuckoo egg size over time but may in part affect warbler egg volume. If both direct and indirect effects of climate change were affecting warblers and cuckoos in the same way, we would expect body size and/or egg volume to show the same trend (i.e., increasing or decreasing body size and/or egg size). However, these two species differ in their body size and to some extent also in their diet, and in other natural-history traits (see del Hoyo 1997). Therefore, it is possible that climate change affected these species in different ways. Differing effects of climate change can make detecting the arms race difficult, especially when it comes to the different trends in cuckoo and warbler egg or body sizes. 
	The percentage of warbler nests that were parasitized by cuckoos more than doubled during the 20th century (Brooke and Davies 1987). Cuckoo eggs became similar in size to warbler eggs in parasitized nests, and the variation in egg volume of both species did not decrease during the 20th century. Concomitantly, changes in egg size of both species were correlated with climatic conditions. The changes that we found in egg size might have occurred through both direct and indirect effects of climatic change and/or via selection pressure due to the arms race between the two species. As the effects of the arms race and climate change may result in similar changes in egg size, we cannot easily decouple the two factors. Future studies should consider the effects of climate change when studying coevolutionary arms race systems. Our findings suggest that the evolution of specific traits under selective pressures from coevolutionary arms races may also be influenced by factors unrelated to such interactions. Hence, environmental conditions should be taken into account in long-term coevolutionary studies, as the assumption that the observed patterns are only the outcome of coevolutionary events may be over-simplified. 
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Appendix 1 Number of reed warbler eggs and nests, first and last years of egg and nest collection. The eggs that were measured included only those where full climatic data were available for the period that they were collected (that is: May-July temperature, annual temperature, May-July precipitation and annual precipitation) 
	number of eggs
	number of nests
	last year
	first year
	Species

	2565
	1206
	1952
	1868
	Parasitized Reed warbler

	  829
	203
	1956
	1870
	Non-Parasitized Reed warbler

	1294*
	1294
	1952
	1868
	Common cuckoo



*Eighty-eight nests had a cuckoo egg but no reed warbler eggs. Omitting these 88 nests did not qualitatively change the results.  



Appendix 2 Variance Inflation Factor (VIF)
Variance Inflation Factor (VIF) for all multiple regression models related to the cuckoos and reed warblers that were measured during the studied period. A VIF > 3 denotes that the predictor variable was correlated with other predictors (n = 50 years, R²: 0.61, F = 72.57, P < 0.001) 
	Variable
	VIF

	Year
	1.57

	Latitude
	2.03

	Country
	2.09

	May-July temperature
	1.56

	Annual temperature
	1.52

	May-July precipitation
	1.60

	Annual precipitation
	1.67















Appendix 3 Cuckoo egg volumes: the parameters included in the four best models (i.e., models with ΔAICc < 10) and their model-selection statistics 
	
	df
	Log Lik
	AICc
	Δ AICc
	Weight

	Year + Latitude + Country + Annual temperature + Annual precipitation
	7
	2364.08
	-4714.07
	0.00
	0.41

	Country + Annual precipitation + Latitude + Year
	6
	2362.85
	-4713.63
	0.44
	0.33

	Year + Latitude + Country + Annual temperature + Spring precipitation + Annual precipitation
	8
	2364.35
	-4712.58
	1.49
	0.19

	Annual precipitation + Annual temperature + Country + Latitude + Spring  precipitation + Spring temperature + Year  
	9
	2364.36
	-4710.57
	3.49
	0.07














Appendix 4 Reed warbler egg volumes: the parameters included in the five best models (i.e., models with ΔAICc < 10) and their model-selection statistics
	
	df
	logLik
	AICc
	Δ AICc
	Weight

	Country + Parasitized +  Spring temperature +  Year
	6
	2775.25
	-5538.43
	0
	0.57

	Annual temperature +  Country + Parasitized +  Spring temperature + Year
	7
	2775.45
	-5536.83
	1.60
	0.26

	Annual temperature +  Country + Parasitized +   Spring precipitation + Spring temperature +  Year
	8
	2775.60
	-5535.09
	3.34
	0.11

	Annual precipitation +  Annual temperature +  Country + Parasitized +   Spring precipitation + Spring temperature +  Year
	9
	2775.82
	-5533.51
	4.92
	0.05

	Annual precipitation +  Annual temperature +  Country +  Latitude + Parasitized +   Spring precipitation + Spring temperature +  Year
	10
	2775.84
	-5531.53
	6.91
	0.02








Appendix 5 Cuckoo tarsus lengths: the parameters included in the seven best models (i.e., models with ΔAICc < 10) and their model-selection statistics 

	
	Df
	logLik
	AICc
	Δ AICc
	Weight

	Country (UK), Sex
	4
	-65.66
	140.24
	0
	0.51

	Annual precipitation, Country (UK), Spring precipitation, Sex, Spring temperature, Year
	8
	-61.31
	142.31
	2.07
	0.18

	Annual precipitation, Country (UK), Sex
	5
	-65.47
	142.36
	2.12
	0.18

	Annual precipitation, Country (UK), Sex, Year
	6
	-65.18
	144.41
	4.17
	0.06

	Annual precipitation, Country (UK), Latitude, Spring precipitation, Sex, Spring temperature, Year
	9
	-61.31
	145.36
	5.12
	0.04

	Annual precipitation, Country (UK), Spring precipitation, Sex, Year
	7
	-65.16
	147.12
	6.87
	0.02

	Annual precipitation, Country (UK), Latitude, Annual temperature, Spring precipitationn, Sex, Spring temperature, Year
	10
	-61.31
	148.56
	8.32
	0.01








Appendix 6 Reed warbler tarsus lengths: the parameters included in the seven best models (i.e., models with ΔAICc < 10) and their model-selection statistics 
	Parameters
	df
	logLik
	AICc
	Δ AICc
	Weight

	Annual precipitation,  Country (UK), Sex
	5
	-98.66
	208.16  
	0.00
	0.31

	Country (UK), Sex
	4
	-99.87
	208.30  
	0.14
	0.29

	Annual precipitation,  Annual temperature, Country (UK), Sex
	6
	-97.78
	208.76
	0.59
	0.23

	Annual precipitation,  Annual temperature, Country (UK), Sex,  Spring temperature
	7
	-97.27
	210.16
	2.00
	0.11

	Annual precipitation,  Annual temperature, Latitude, Country (UK), Sex,  Spring temperature
	8
	-97.02
	212.15  
	3.99
	0.04

	Annual precipitation, Country (UK),  Latitude, Annual temperature, Sex, Spring precipitation, Spring temperature
	9
	-96.79
	214.27  
	6.11
	0.01

	Annual precipitation, Country (UK),  Latitude, Annual temperature, Sex, Spring precipitation, Spring temperature, Year
	10
	-96.70
	216.74  
	8.57
	0





Table 1 (A) Averaged gamma regression model (averaged over four models with 
ΔAICc < 10) for cuckoo egg volume. The term in parentheses denotes the origin of 
the larger eggs. Note that in these GLMs with gamma errors, negative slopes signify 
positive relationships and vice versa. (B) Averaged linear regression model (averaged over five models with ΔAICc < 10) for reed warbler egg volume. The terms in 
parentheses denote the origin of the larger eggs
 

	Species
	 
	Estimate
	Std. Error
	Z value
	Pr (>|z|)

	 (A)
Cuckoo
	Intercept
	0.219
	1.384
	0.158
	0.874

	
	Year
	0.002
	0.0005
	4.831
	<0.001

	
	Latitude
	-0.05
	0.018
	2.733
	0.006

	
	Annual temperature
	-0.009
	0.006
	1.518
	0.129

	
	Annual precipitation
	0.001
	0.0007
	1.981
	0.048

	
	Country (UK)
	-0.33
	0.075
	4.391
	<0.001

	
	Spring precipitation
	-0.0003
	0.0005
	0.733
	0.464

	
	Spring temperature
	-0.001
	0.008
	0.155
	0.877

	 (B)
Reed Warbler
	Intercept
	-0.007
	0.134
	0.056
	0.95

	
	Year
	0.0001
	0.00007
	1.664
	0.096

	
	Parasitized (yes)
	0.005
	0.003
	1.869
	0.062

	
	Spring temperature
	0.002
	0.001
	1.997
	0.046

	
	Country (UK)
	-0.01
	0.003
	2.997
	0.003

	
	Annual temperature
	0.0008
	0.001
	0.674
	0.5

	
	Spring precipitation
	-0.0005
	0.00007
	0.624
	0.533

	
	Annual precipitation
	0.00008
	0.0001
	0.661
	0.509

	
	Latitude
	-0.0006
	0.003
	0.202
	0.84




n = 1294 cuckoo eggs 

*The intercepts are for reed warbler eggs in non-parasitized nests. Reed warbler eggs in parasitized nests are 0.02 ± 0.002cm3 larger.
n = 3394 reed warbler eggs 


Table 2 Averaged linear regression model (averaged over seven models with ΔAICc < 10) for (A) cuckoo and (B) reed warbler tarsus length. The terms in parentheses denote the origin of the longer tarsus lengths

	Species
	 
	Estimate
	Std. Error
	Z value
	Pr (>|z|)

	(A) 
Cuckoo
	Intercept
	20.64
	1.856
	1.88
	< 0.001

	
	Year
	0.002
	0.006
	0.391
	0.656

	
	Sex (M)
	0.415
	0.231
	1.795
	0.072

	
	Latitude
	-0.05
	0.07
	0.711
	0.47

	
	Annual temperature
	0.195
	0.16
	1.22
	0.222

	
	Annual precipitation
	0.008
	0.005
	1.557
	0.119

	
	Country (UK)
	-1.932
	0.384
	5.024
	< 0.001

	
	Spring precipitation
	-0.004
	0.007
	0.63
	0.53

	
	Spring temperature
	-0.171
	0.168
	1.018
	0.308

	Intercept
	14.969
	8.303
	1.77
	0.077

	(B) 
Reed Warbler
	Sex (M)
	0.464
	0.309
	1.459
	0.144

	
	Country (UK)
	-1.922
	0.288
	6.482
	<0.001

	
	Spring temperature
	0.368
	0.153
	2.344
	0.019

	
	Annual precipitation
	0.012
	0.013
	0.948
	0.343

	
	Year
	0.008
	0.01
	0.796
	0.426

	
	Spring precipitation
	-0.003
	0.012
	0.263
	0.793

	
	Annual temperature
	-0.026
	0.368
	0.07
	0.945

	
	Latitude
	-0.001
	0.278
	0.003
	0.997



n = 77 cuckoo skins  
n = 48 reed warbler skins





Figure Legends:

Fig. 1 Locations from which reed warbler eggs were collected: Parasitized reed warbler nests containing a cuckoo egg (blue triangles), and non-parasitized reed warbler nests (red circles) (a) In Britain; (b) In Denmark
Fig. 2 Changes in egg volume (Log egg volume) in parasitized (red squares) and non-parasitized reed warblers (blue diamonds) and common cuckoos (green triangles), over time (mean ± SE values for each year are shown)
Fig. 3 Within-year coefficient of variation (% CV) of log egg volume over time for cuckoo eggs (green triangles and line), parasitized reed warbler eggs (red squares) and non-parasitized reed warbler eggs (blue diamonds)
Fig. 4 (a) Changes in spring temperature (Log spring temperature; blue diamonds) and annual temperature (Log annual temperature; red squares) over time (mean ± SE values for each year are shown); (b) Changes in spring precipitation (Log spring precipitation; blue diamonds) and annual precipitation (Log annual precipitation; red squares) over time (mean ± SE values for each year are shown) 
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