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Abstract 

Phenotypic plasticity is the ability of a genotype to 

produce multiple phenotypes depending on the en-

vironmental conditions and it can allow persistence 

of populations in heterogeneous habitats or under 

climate change. Therefore, phenotypic plasticity can 

play a major role in the divergence of populations 

across habitats. Trade-offs in plant performance in 

various habitats can give rise to the evolution of 

specialized ecotypes which are locally adapted (spe-

cialized) populations of the same species in distinct 

environments. According to the specialization hy-

pothesis, specialization of ecotypes to either relative-

ly favorable or unfavorable habitats results in in-

creased or decreased phenotypic plasticity, respec-

tively. The presence of phenotypic plasticity differ-

ences among ecotypes can be easily detected by 

examining their performances at home (native) ver-

sus foreign (alien) environments in reciprocal field 

experiments. In this meta-analysis, I compared phe-

notypic plasticity of ecotypes specialized in favorable 

and unfavorable habitats to test the specialization 

hypothesis by extracting data from 47 empirical 

studies. Log response ratio (LRR) and plasticity in-

dex (PIv) were used as effect sizes to detect and 

quantify significant differences in phenotypic plastic-

ity of ecotypes across habitats. The overall result 

indicated that it was failed to find an effect of habitat 

origin on phenotypic plasticity expression of eco-

types. Specialization to either favorable or unfavora-

ble habitats may not alter phenotypic plasticity ex-

pression in ecotypes. The interplay between pheno-

typic plasticity and specialization is quite complex 

and results of this study may shed light into these 

two important evolutionary mechanisms in plant 

ecology which have implications for biodiversity 

conservation, environmental management, agricul-

tural industry, and ecosystem services.  
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Ekotiplerin farklı habitatlardaki fenotipik plasti-

sitesi 

 

Öz 

Fenotipik plastisite, bir genotipin çevresel koşullara 

bağlı olarak birden fazla fenotip üretebilme yetene-

ğidir ve popülasyonların heterojen habitatlarda ya 

da iklimsel değişiklik altında sürekliliğini sağlayabi-

lir. Bu nedenle, fenotipik plastisite habitatlar boyun-

ca popülasyonlar arasındaki ayrımında önemli bir 

rol oynayabilir. Çeşitli habitatlarda bitkilerin per-

formanslarındaki ödünleşim, özelleşmiş ekotiplerin 

evrimleşmesine neden olabilir. Ekotipler, aynı türün 

farklı ortamlarda yerel olarak özelleşmiş popülas-

yonlarıdır. Özelleşme (specialization) hipotezine 

göre, ekotiplerin nispeten elverişli ya da elverişsiz 

habitatlara özelleştirilmesi, fenotipik plastisitenin 

sırasıyla artmış veya azalmış olmasına neden olur. 

Ekotipler arasındaki fenotipik plastisite farklılıklar, 

arazilerde karşılıklı deneylerde evdeki (yerli) ve 

yabancı (yabancı) ortamlardaki performanslarını 

inceleyerek kolayca tespit edilebilir. Bu meta-analiz 

çalışmasında, elverişli ve elverişsiz habitatlarda özel-

leşmiş ekotiplerin fenotipik plastisitesini, 50 ampirik 

çalışmadan elde edilen verileri çıkararak özelleşme 

(specialization) hipotezini test etmek için karşılaş-

tırdım. Ekotiplerin habitatlar boyunca fenotipik plas-

tisitesindeki önemli farklılıkları tespit etmek ve ölç-

mek için logaritmik yanıt oranı (LRR) ve plastisite 

indeksi (PIV) etki büyüklükleri olarak kullanılmıştır. 

Genel sonuç, ekotiplerin fenotipik plastisite ekspres-
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yonu üzerinde habitat kökenli bir etki olmadığını 

göstermiştir. Elverişli ya da elverişsiz habitatlara 

yönelik özelleşmeler ekotiplerde fenotipik plastisite 

ekspresyonunu değiştirmedi. Fenotipik plastisite ile 

özelleşme arasındaki karşılıklı etkileşim oldukça 

karmaşıktır ve bu çalışmanın sonuçları, bitki ekoloji-

sinde biyoçeşitliliğin korunması, çevre yönetimi, 

tarımsal sanayi ve ekosistem hizmetlerine etkilleri 

olan bu iki önemli evrim mekanizmasına ışık tutabi-

lir. 

Anahtar kelimeler: ekotipler, meta-analiz, plastisite 

indeksi, bitkiler 

Introduction 

Ecotypes are locally adapted (specialized) popula-

tions of the same species in distinct environments 

(McGraw and Antonovics, 1983; Gauthier et al., 

1998; de Jong, 2005; Bennington et al., 2012). Evolu-

tion of ecotypes can be shaped by selective forces 

depending on features of the environment such as 

microclimate (e.g., temperature, rainfall, moisture, 

and growing season length), soil conditions (e.g., 

productivity, texture, and salinity), abiotic stress 

(e.g., heavy metals and acidity), topography (e.g., 

altitude, aspect, and photoperiod), biotic interactions 

(e.g., facilitation, competition, herbivory, and pollina-

tors), and latitude (Bennington and McGraw, 1995; 

Conover and Schultz, 1995). As a result of these dis-

tinct environmental conditions, ecotypic differentia-

tion can be observed between populations across 

habitats. Ecotypic differentiation (and genetic diver-

gence eventually) can be either reinforced by the 

selection or conversely be impeded by gene flow 

between populations (Lenormand, 2002). 

Formation of ecotypes can be affected by low gene 

flow, environmental conditions, and the interaction 

of the environment by genotype that is called pheno-

typic plasticity (de Jong 2005). Phenotypic plasticity 

is the ability of a genotype to produce multiple phe-

notypes depending on the environmental conditions 

and can allow persistence of an individual (and pop-

ulations) in heterogeneous habitats or under envi-

ronmental change (Pigliucci, 2001; Sultan, 1995, 

2000; Nicotra et al., 2010). Phenotypic plasticity can 

play a major role in divergence between populations 

(Pfennig et al., 2010). Although phenotypic plasticity 

is a trait-level response of genotypes, it is possible to 

compare the plasticity of genotypes, populations, 

and species (e.g., Valladares et al., 2000; Richards et 

al., 2006; Ghalambor et al., 2007; Griffith and Sultan 

2012; Godoy et al., 2011; Forsman 2015; Hollander 

et al., 2015). 

In favorable (benign or high resource) habitats, 

plants tend to take advantage of abundant resources 

and express higher performance (e.g., higher values 

in fitness traits) than the ancestral genotypes. How-

ever, in relatively unfavorable (harsh or resource-

poor) habitats, ecotypes from favorable habitats 

tend to express lower performance than the ances-

tral genotypes (i.e., specialization hypothesis - Lortie 

and Aarssen, 1996) because the traits associated 

with high resource acquisition would be maladaptive 

and costly in resource-poor environments where 

investment in stress tolerance traits (e.g., nutrient 

retention and defense structures) should be priori-

tized (Lambers and Poorter, 1992). Allocation of 

limited resources into various traits and trade-offs in 

performance across habitats can give rise to the 

evolution of specialized ecotypes (Futuyma and 

Moreno, 1988; Kawecki and Ebert, 2004). 

Reciprocal transplant experiments are an ideal 

method to separately test the effects of genetics, 

environment, and phenotypic plasticity (Langlet, 

1971). The presence of differences among ecotypes 

can be easily detected by examining their perfor-

mances at home (native) versus foreign (alien) envi-

ronments. However, transplanting populations 

across different habitats and running long field ex-

periments over several years tend not to be very 

practical. Therefore, there are a limited number of 

reciprocal transplant experiments in the literature.  

In this meta-analysis, I compared phenotypic plastic-

ity of ecotypes specialized in favorable and unfavor-

able habitats by extracting data from reciprocal 

transplant experiments conducted in field to test the 

specialization hypothesis at the population level 

(Lortie and Aarssen, 1996). Specifically, I asked the 

following question: Do ecotypes from favorable habi-

tats express greater plasticity than those specialized 

in unfavorable habitats? 

Methods 

Data were collected from databases such as ISI Web 

of Knowledge and Scopus in 2017, using the 

keywords ‘reciprocal experiment’, ‘transplant’, ‘field’ 

and ‘plants’. Different combinations of these key-

words were used and reference sections of the se-

lected studies were also checked to find the most 

relevant studies. Epiphytes, aquatic plants, shrubs, 

and trees were excluded and only studies with ter-

restrial herbaceous plant species conducted in field 

conditions were included in this meta-analysis.  
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Only one performance trait was included from each 

species to prevent pseudo-replication and sampling 

bias. Ecotypes were categorized as either from fa-

vorable (e.g., low altitude, mesic area, sunny envi-

ronment) or unfavorable habitats (e.g., high altitude, 

xeric area, and shade environment). Traits were also 

categorized as either size (e.g., biomass and growth 

rate) or fitness (e.g., number or biomass of seeds or 

fruits). Biomass trait is a measure of size that can be 

associated with resource acquisition of an individual; 

whereas seed trait is a more direct measure of fit-

ness and performance. Therefore, the trait type can 

be important to interpret plant responses more spe-

cifically. Treatment types of experiments (e.g., alti-

tude, nutrient, light, latitude, and water) were also 

recorded. In total, I extracted performance traits 

data from tables and figures of 47 empirical studies 

with the help of measuring tool in PDF-XChange 

Editor software (see Appendix A and B for the com-

plete list of studies and extracted data). 

I used the log response ratio (LRR) which is widely 

used in meta-analysis studies as a common effect 

size to analyze the phenotypic plasticity of ecotypes 

across habitats: 

LRR = Log (Xa / Xh)                                                          (1) 

where Xa is trait mean away; Xh is trait mean at 

home. 

Plasticity Index (PIv) was also used to quantify the 

phenotypic plasticity (Valladares et al., 2000): 

PIv= [Max (Xa , Xh)–Min (Xa , Xh)]/Max (Xa , Xh)   (2) 

where Xa is trait mean away; Xh is trait mean at 

home. 

PIV has been widely used to compare phenotypic 

plasticity across populations because it is a simple 

and powerful index indicating the overall absolute 

change in trait means (Balaguer et al., 2001; Godoy 

et al., 2011; Gratani et al., 2012; Valladares et al., 

2006) and the result is always between 0 and 1 (no 

plasticity and maximum plasticity, respectively). 

One-way ANOVA tests and general linear model 

(GLM) were applied using JMP version 13.2 (SAS 

Institute, NC, USA). Graphs were prepared using 

SigmaPlot software v.12.5 (Systat Software Inc., CA, 

USA).  

Results 

There were no differences between phenotypic plas-

ticity of ecotypes from favorable versus unfavorable 

habitats (Fig. 1 and Table 1). Therefore, it was failed 

to find an effect of the habitat origin on the expres-

sion of phenotypic plasticity across ecotypes. 
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Figure 1. Phenotypic plasticity of ecotypes from favorable 

and unfavorable habitats in terms of log response ratio 

(LRR) and plasticity index (PIv). µ and SE represent mean 

and standard error, respectively. 

 

A general linear model (GLM) was constructed to 

detect effects of the habitat of origin, trait types, 

treatment types of experiments and interactions of 

these factors on phenotypic plasticity of ecotypes 

(Table 2). 

Discussion 

According to the overall result of 47 reciprocal field 

studies, it was failed to find an effect of habitat origin 

on phenotypic plasticity expression of ecotypes. 

Therefore, specialization of ecotypes to either favor-

able or unfavorable habitats may not alter phenotyp-

ic plasticity expression (Table 1 and Figure 1). This 

result did not support the specialization hypothesis 

(Lortie and Aarssen, 1996) which was in agreement 

with previous studies (Fazlioglu and Bonser 2016; 

Fazlioglu et al., 2017). However, in this study, only 

the magnitude of plasticity was tested but not the 

direction of plasticity (i.e., increase or decrease in 

trait values) that can reveal whether it is adaptive or 

maladaptive. 
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Table 1. One-way ANOVA test results indicating differences between phenotypic plasticity of ecotypes from 

favorable and unfavorable habitats in terms of PIv and LRR. DF and Prob. stand for degrees of free-

dom and probability, respectively. 

X Y Source DF Sum of Squares Mean Square F Ratio Prob. > F 

Ecotype 

PIv 
Ecotype 1 0.069 0.069 

0.782 0.38 Error 96 8.479 0.088 
C. Total 97 8.548  

LRR 
Ecotype 1 0.001 0.001 

0.003 0.96 Error 96 37.224 0.388 
C. Total 97 37.225  

 

Table 2. Results of the general linear model consisting effects of habitat, trait, treatment and their interactions 

on phenotypic plasticity of ecotypes. DF and Prob. stand for degrees of freedom and probability, re-

spectively 

Source DF 
PIv LRR 

Sum of 
Squares 

F Ratio Prob. > F 
Sum of 

Squares 
F Ratio Prob. > F 

Ecotype 1 0.004 0.040 0.84 0.029 0.070 0.79 
Trait  1 0.212 2.145 0.15 0.014 0.034 0.85 
Treatment  4 0.230 0.583 0.68 0.230 0.141 0.97 
Ecotype × Trait 1 0.001 0.007 0.93 0.634 1.546 0.22 
Ecotype × Treatment 4 0.086 0.217 0.93 1.491 0.910 0.46 
Trait × Treatment 4 0.042 0.106 0.98 0.197 0.120 0.98 
Ecotype × Trait × Treatment 4 0.044 0.111 0.98 2.012 1.227 0.31 

 

Effects of different trait types (size or fitness relat-

ed), treatment types (altitude, nutrient, light, lati-

tude, water) and their interactions also did not affect 

the results of this meta-analysis (Table 2). Therefore, 

lack of significant difference between phenotypic 

plasticity of ecotypes was not due to different factors 

such as the trait type or treatment used in reciprocal 

experiments. Although phenotypic plasticity is pre-

dicted to be decreased under stressful conditions 

(Valladares et al., 2007), this meta-analysis did not 

detect such a trend. However, a decreased plasticity 

in fitness traits is advantageous because it would 

suggest that fitness does not change across various 

habitats such as in jack-of-all-trades strategy (Rich-

ards et al., 2006). Reduced phenotypic plasticity in 

performance traits may be common in homogeneous 

habitats (Griffith and Sultan, 2005; Avramov and 

Tucic, 2006). 

According to the specialization hypothesis (Lortie 

and Aarssen, 1996), phenotypic plasticity is a by-

product of the natural selection. After specialization 

to an environment, an individual may perform only 

well in that specific environment and may fail in a 

different one (Via, 1993). Moreover, limits and costs 

of phenotypic plasticity (Dewitt et al., 1998; Weinig 

et al., 2006) may restrict the occurrence of plasticity 

in nature (van Tienderen, 1991; van Kleunen and 

Fischer, 2005). Genetic variance in a genotype 

(which is necessary for specialization to occur) can 

also affect the evolution of phenotypic plasticity and 

specialization because less genetic variance might be 

associated with less plasticity (Berg et al., 2005; Magi 

et al., 2011; Chevin and Hoffmann, 2017). Moreover, 

phenotypic plasticity may conceal the effect of spe-

cialization by buffering against natural selection 

(Frei et al., 2014; Lazaro-Nogal et al., 2016). There-

fore, a variety of ecotype responses in this meta-

analysis might be explained by the degree of special-

ization, genetic variance, and phenotypic plasticity 

costs across habitats. 

Anthropogenic changes in our habitats have been 

affecting our ecosystems and response of sessile 

species such as plants to these environmental fluctu-

ations has far-reaching implications. The result of 

this study may provide insight into phenotypic plas-

ticity and specialization patterns in ecotypes across 

favorable and unfavorable habitats. Understanding 

general trends of these two evolutionary mecha-

nisms (phenotypic plasticity and specialization) in 

plants is important in terms of biodiversity conser-

vation, environmental management, agricultural 

industry, and ecosystem services because the sur-

vival of plant species in new environmental condi-

tions can be at risk due to current climate change. 
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