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 31 

Summary 32 

 The goal of biological measurement is to capture underlying biological phenomena in 33 

numerical form.  The reciprocity index applied to heterostylous flowers is meant to 34 

measure the degree of correspondence between fertile parts of opposite sex on 35 

complementary (inter-compatible) morphs, reflecting the location of pollen placement 36 

on, and stigma contact with, pollinators.  Pollen of typical heterostylous flowers can 37 

achieve unimpeded fertilization only on opposite-morph flowers.  Thus, the implicit 38 

goal of this measurement is to assess the likelihood of "legitimate" pollinations 39 

between compatible morphs, and hence reproductive fitness.    40 

 Previous reciprocity metrics fall short of this goal on both empirical and theoretical 41 

grounds.  42 

 We propose a new measure of reciprocity based on theory that relates floral 43 

morphology to reproductive fitness. This method establishes a scale based on adaptive 44 

inaccuracy, a measure of the fitness cost of the deviation of phenotypes in a 45 

population from the optimal phenotype.  Inaccuracy allows estimation of independent 46 

contributions of maladaptive bias (mean departure from optimum) and imprecision 47 

(within-population variance) to the phenotypic mismatch (inaccuracy) of 48 

heterostylous morphs on a common scale.  49 

 We illustrate this measure using data from three species of Primula (Primulaceae).    50 

 51 

Key words: Adaptive accuracy, phenotypic load, floral dimorphisms, heterostyly, 52 

maladaptation, measurement theory, pollination, Primula  53 

 54 

  55 
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 56 

Introduction 57 

 58 

 Measurement is the process by which we assign numbers to entities so that the 59 

mathematical relationships among numbers capture relevant empirical relationships among 60 

the entities (Krantz et al. 1971, Hand 2004). Measurement theory reminds us that we need to 61 

remain cognizant of the purpose of our measurements when we develop biological metrics 62 

(Houle et al. 2011).  Inferences about numbers must be translated into inferences about the 63 

original entities, and the validity of this process depends on the empirical relational structure 64 

being clearly defined.  Failure to do so will render uncertain the actual meaning of the 65 

measurement.  Importantly, the empirical relational structure defines the scale type of the 66 

measurement, that is, the type of numerical relationships that are meaningful in representing 67 

the empirical relationships (Stevens 1968). This means that rescaling and number 68 

manipulation should be done in a way that reflects the empirical relationships and retains the 69 

meaning of the measurement. These general remarks underline the importance of having a 70 

precise theoretical description of the physical/biological processes that generate the empirical 71 

relational structure to be measured.  72 

 When the principles of measurement theory are ignored or violated, the result is 73 

numerical "measurements" that are disconnected from, or misrepresent, the empirical 74 

relationship they are meant to capture. Examples of such pseudo-quantification are common 75 

in the biological literature, and may reflect a general absence of awareness of measurement 76 

theory in many areas of biology (reviewed in Houle et al. 2011). Numerous examples of this 77 

problem can be found in the proliferation of intuitive indices devised to capture various 78 

biological phenomena, but without any principled attempt at justifying the mapping from 79 

biology to numbers. For example, Armbruster et al. (2014) recently pointed out that a 80 

menagerie of indices of integration and modularity has been proposed largely without any 81 

explicit attempt at stating what exactly is being measured. In the fields we are familiar with, 82 

there do not seem to be any established methods or demand for such justification, although a 83 

small literature pointing out and discussing the problem is beginning to emerge (e.g., Wolman 84 

2006; Hansen & Houle 2008; Frank 2009, 2014; Mitteroecker & Huttegger 2009; Schneider 85 

2009; Wagner 2010; Chevin 2011; Hansen et al. 2011; Houle et al. 2011; Hansen 2015; Tarka 86 

et al. 2015; Morrissey 2016). 87 

 Heterostylous flowers have intrigued evolutionary biologists since Darwin (1877) 88 

used them as evidence of adaptation by natural selection.  Heterostyly (“reciprocal 89 
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herkogamy”) occurs in 28 families of flowering plants, has evolved independently multiple 90 

times (Barrett 1992, Naiki 2012), and has implications for understanding the origins, 91 

maintenance, and evolutionary dynamics of plant mating systems (cf. Charlesworth and 92 

Charlesworth 1979, Lloyd and Webb 1992a, 1992b). The reciprocal positions of the anthers 93 

and stigmas in the two morphs are thought to promote disassortative (among-morph) 94 

pollination (Darwin 1877, Lloyd & Webb 1992b), and recent empirical work has borne this 95 

out (Keller et al. 2014, Zhou et al. 2015).   96 

 Here, we discuss various reciprocity indices developed for heterostylous flowers as 97 

yet another example of theory-free indices associated with violations of basic measurement-98 

theoretical principles. After showing that existing reciprocity indices suffer from 99 

shortcomings that stem from the absence of an explicit theory or even a clear statement of 100 

what the index is supposed to represent, we propose a new reciprocity measure based on the 101 

concept of adaptive accuracy, with reproductive fitness as the underlying currency. 102 

Reproductive fitness of individual phenotypes may be either modelled or measured, as 103 

explained below. From this we establish a scale that gives quantitative meaning to the values 104 

and variation in the values of the numerical measure. We illustrate the uses and advantages of 105 

our measure with data from 15 populations of three of the species of Primula that Darwin, 106 

himself, (1877) first examined in his ground-breaking investigations into heterostyly.   107 

 Reciprocity indices are attempts at characterizing numerically the degree of spatial 108 

correspondence of “compatible” sexual organs in heterostylous flowers.  Classically, in 109 

heterostylous flowers (in this example, distylous, i.e. two flower morphs), unimpeded 110 

fertilization can be achieved primarily by the pollen arriving from flowers of the opposite 111 

morph. Pollen from the L-morph flowers (long style and short stamens; also termed "pin") is 112 

more capable of germination, tube growth and fertilization on S-morph stigmas (short style 113 

and long stamens; also termed "thrum") than is pollen from S-morph flowers, and vice versa.  114 

Thus, the pollination target of L-morph pollen is S-morph stigmas, and the pollination target 115 

of S-morph pollen is L-morph stigmas (Barrett 2002).  Note that the terminology of previous 116 

authors, and that followed herein, refers to L-morph flowers as having long (or tall) styles 117 

with stigmas in a high position in the flower and with short stamens with anthers in a low 118 

position. S-morph flowers have short styles with stigmas in a low position in the flower and 119 

long (or tall or high) stamens with anthers in a high position (see Fig. 1).   120 

 For most researchers, the goal of a reciprocity index seems to be to generate a 121 

measurement that captures, at least implicitly, the fitness or pollination consequences of a 122 

departure from perfect correspondence of the fertile parts of opposite sex between compatible 123 
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morphs of heterostylous flowers.  This has generally involved some measure of the 124 

correspondence of the positions of the high stigmas in long-styled flowers with the high-125 

anther positions in short-styled flowers, and the correspondence of the positions of the low 126 

anthers in long-styled flowers with the low-stigma positions in short-styled flowers (Webb & 127 

Lloyd 1986). This approach is taken because the positions of the anthers and stigmas in the 128 

flower are thought to represent the location on the pollinators' bodies where pollen is 129 

deposited and retrieved (Barrett 2002; but see Keller et al. 2014).  Despite the concept of 130 

reciprocity having a long and venerable history, with continual development of new metrics 131 

(e.g. Richards & Koptur 1993; Eckert & Barrett 1994; Faivre & Mcdade 2001; Lau & Bosque 132 

2003; Sánchez et al. 2008, 2013; Zhou et al 2015), measures of reciprocity have to date 133 

lacked any explicit mathematical connection to models of pollination, selection, or 134 

adaptation.     135 

 Because the reciprocity index is meant to capture the ability to achieve disassortative 136 

pollinations, assumed to be a component of, and correlated with, reproductive fitness, it can 137 

be measured as an accuracy around an optimum defined as the phenotype achieving the 138 

highest level of disassortative pollination.  Assuming the pollinators are most efficient in 139 

transferring pollen to compatible stigmas when stigmas contact them in the same position as 140 

the pollen-donating anthers, the optimum is determined as matching positions of opposite-141 

morph anthers and stigmas. Increasing deviation from perfect match can then be assumed to 142 

lower the probability of pollen transfer (Haller et al. 2014) and thus seed set (Brys & 143 

Jacquemin 2015) and fitness. 144 

 Adaptive inaccuracy provides a scale in units of expected fitness cost or “phenotypic 145 

load” (i.e. maladaptation) resulting from the departure of sampled phenotypes in a population 146 

from the optimal phenotype for that population (Armbruster et al. 2004, 2009, Hansen et al. 147 

2006, Pélabon & Hansen 2008, Pélabon et al. 2012, Opedal et al. 2016).  Except when based 148 

on empirical fitness surfaces, adaptive inaccuracy is not a direct measure of fitness, but rather 149 

provides a scale whereby different traits or populations can be compared in units of the 150 

difference in their relative fitness or load if they were under quadratic stabilizing selection of 151 

the same strength. Note that we refer to the general concept and mathematical approach as 152 

"adaptive accuracy", but the measurements themselves are "inaccuracies", that is, deviation 153 

from the optimum.  154 

 155 

A Critical Review of Reciprocity Measures 156 

 157 
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The concept of reciprocity begins with Darwin.  He devoted two papers (1862, 1864) and a 158 

book (1877) to describing the biology of heterostylous flowers.  Darwin suggested that the 159 

reciprocal arrangement of anthers and stigmas of complementary morphs mechanically 160 

promoted compatible (“legitimate”) pollinations and thereby enhanced both female and male 161 

reproductive fitness (because intra-morph pollinations produce few or no seeds in most 162 

systems).  Darwin (1862, p. 92; 1877, p. 33) defined reciprocity of sexual organs qualitatively 163 

by the similarity of heights of reciprocal organs.  Implicit in Darwin's presentation is the idea 164 

that maladaptation is captured by the degree of deviation between heights of correspondingly 165 

placed reciprocal organs in opposite morphs.  Darwin’s argument was based on observations 166 

that the height of the anther (as determined by stamen length) establishes where pollen is 167 

placed on a (dead) bumble bee whose proboscis was inserted into the floral tube of Primula 168 

flowers (Darwin 1862, 1877). This has recently been confirmed in detail with living bees 169 

visiting Primula (Keller et al. 2014). Various studies have supported this model, and thereby 170 

the functional significance and adaptive origins of reciprocity (see reviews in Vuilleumier 171 

1967, Ganders 1979, Barrett 1990, Barrett et al. 2000, Barrett 2002).   172 

 The first attempt at quantifying reciprocity appears to be that of Richards and Koptur 173 

(1993), who published a difference-based index based on unpublished work by JH Richards, 174 

DG Lloyd, and SCH Barrett.  They examined departure of organs from reciprocity (equal 175 

heights; presumably maximum pollination fitness) and, in order to compare species of 176 

Rubiaceae with different-sized flowers, they scaled the difference in reciprocal organ heights 177 

by the sum of the means of the reciprocal organs.  This gave two separate, but comparable 178 

reciprocity measures (R) for the tall (= high) and short (= low) organs: 179 

 180 

𝑅𝑡𝑎𝑙𝑙 =
(�̅�−�̅�)

(�̅�+�̅�)
        (1) 181 

 182 

𝑅𝑠ℎ𝑜𝑟𝑡 =
(�̅�−�̅�)

(�̅�+�̅�)
        (2) 183 

 184 

where �̅� is the population mean height of anthers on tall stamens, 𝑆̅ is the mean height of 185 

stigmas on tall pistils, a̅ is the mean height of anthers on short stamens, s̅ is the mean height 186 

of stigmas on short pistils (as illustrated for Primula in Figure 1).  With these indices, perfect 187 

reciprocity is 0, i.e. when the anthers and stigmas of the reciprocal morphs are of exactly the 188 

same mean height. Because this index is calculated on a proportional scale, a 1 mm change in 189 

tall organs results in a smaller change in reciprocity than a 1 mm change in short organs. 190 
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Except for "facilitating" interspecific comparisons, no explicit justification was given for this 191 

choice of scale.  One could perhaps imagine a probabilistic model of pollen transfer and 192 

argue that the probability of pollen transfer also scales with organ size. The main problem in 193 

terms of measurement protocol is that Richards & Koptur (1993) did not specify what the 194 

index is supposed to measure quantitatively, and did not relate their choice to pollination 195 

rates, fitness, or any other biologically relevant scale. Furthermore, as pointed out by Sánchez 196 

et al. (2008, 2013), the Richards & Koptur index does not account for the influence of 197 

phenotypic variation among flowers in the population on pollen transfer.   198 

 The following year, Eckert & Barrett (1994) presented a single measure of reciprocity 199 

that combines the reciprocities of short and tall organs: 200 

 201 

    𝑅 =
(�̅� − �̅�)

(𝑆 ̅− �̅�)
        (3) 202 

 203 

where A̅, a̅, S̅, and s̅ are as above. Perfect reciprocity was to be indicated by R = 1, i.e. when 204 

the difference between the high and low anthers is equal to the difference between the high 205 

and low stigmas. This index has some intuitive shortcomings, however, including showing 206 

high reciprocity even when the positions of the high and low anthers do not match the 207 

positions of the high and low stigmas, but the difference between anthers equals the 208 

difference between stigmas. Eckert & Barrett (1994) also did not specify exactly what the 209 

index was meant to measure. Without a model of the relationship between the underlying 210 

biological entities and the index, it is not possible to judge the metric or to specify where the 211 

intuitive shortcomings come from. However, Eckert & Barrett (1994) did recognize the 212 

importance of flower variation within the population, and they proposed a separate precision 213 

index based on averaging the coefficients of variation (CV) of the individual morphs. For two 214 

morphs together this is  215 

 216 

    𝑃𝐼 = ½(𝐶𝑉𝐿 + 𝐶𝑉𝑆 )      (4) 217 

 218 

This is a mean-scaled measure of variation, but not strictly on the same scale as their 219 

reciprocity index. How one is to combine or compare R and PI is not clear. Furthermore, the 220 

averaging operation was not justified and is problematic because coefficients of variation are 221 

not expected to combine additively. While it could have made sense to average variances, 222 
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which are additive when their arguments are independent, we see no obvious case for 223 

averaging coefficients of variation.  224 

 More recently, Sánchez et al. (2008) proposed to incorporate variation in the 225 

reciprocity index by including all inter-individual relationships in the sample population: 226 

 227 

  𝑟𝑎 =
1

𝑛𝑚
∑ ∑ (

|𝐴𝑖−𝑆𝑗|

�̅�
)𝑚

𝑗
𝑛
𝑖        (5) 228 

 229 

where 𝑟𝑎 is the mean level of reciprocity at level a (high/long or low/short), Ai and Sj are 230 

heights of anthers and stigmas of opposite morphs for individual flowers, i and j; �̅� is the 231 

mean of all organ lengths, with one observation or mean taken per flower (one stigma height 232 

or the mean and one anther height or the mean per flower), and n is the number of anther-233 

height values and m the number of stigma-height values included.  Note that this index is on a 234 

proportional scale, but the scaling is by the joint mean of all traits. The authors explain this 235 

choice in that it allows comparisons across both tall and short organs.  However, there is no 236 

explicit link of the reciprocity measure to fitness, pollination rates, or anything that could 237 

provide it with a biologically meaningful scale.  238 

 In the second step, Sánchez et al. (2008) estimate an overall reciprocity by calculating 239 

the Euclidian distance from zero of the two reciprocity indexes:   240 

 241 

    𝑟 =  √(𝑟𝐿)2 +  (𝑟𝑆)2      (6) 242 

 243 

The use of the Euclidian distance to combine the two reciprocity indices for the short (S, = 244 

low) and long (L, = tall, high) organs was not given a theoretical justification and is 245 

questionable in our opinion. Indeed, considering that deviation from reciprocity has a 246 

negative effect on fitness, one can ask why a decrease in fitness generated on the short and 247 

long organs would be additive on a square scale and not directly on the original scale.  If, for 248 

example, the imperfect reciprocity in the short organ represents a decrease of 2 seeds on 249 

average and the imperfect reciprocity in the long organ represents a decrease of 3 seeds, the 250 

final costs estimated by the index from Sánchez et al. will not be 5 seeds but instead 3.6 251 

(√22 + 32). Of course the imperfect reciprocity may not have been intended to translate into 252 

number of seeds lost, but the choice of the Euclidian distance in order to combine the effects 253 

of imperfect reciprocity on the short and long organs remains to be justified.   254 
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 In the third step, Sánchez et al. (2008) introduce the standard deviation of r as a way 255 

to account for the phenotypic variation among individuals. For each level (short and long 256 

organs), they estimate the standard deviation as:    257 

   258 

  SD(𝑟𝑎) = √ 1

𝑛𝑚
∑ ∑ (

|𝐴𝑖−𝑆𝑗|

�̅�
− 𝑟𝑎)

2
𝑚
𝑗

𝑛
𝑖      (7) 259 

 260 

and they calculate an average standard deviation for the short and long organs combined as:  261 

 262 

    SD(𝑟) = ½(SD(𝑟𝑙) + SD(𝑟𝑠))    (8) 263 

 264 

Using the arithmetic mean for calculating the average of the two standard deviations implies 265 

that standard deviations are additive, which is rarely the case, in contrast to variances, as 266 

mentioned above. Once again, a justification for the mathematical operation is simply 267 

missing.   268 

 In the final step, the total reciprocity, R, is obtained by multiplying the arithmetic 269 

mean of the standard deviations for long and short organs (SD(𝑟)) by the reciprocity index r: 270 

 271 

     𝑅 = 𝑟 × SD(𝑟)     (9) 272 

 273 

The use of the multiplication is arbitrary here. Multiplying r with the average standard 274 

deviation implies that the consequences of a deviation from perfect reciprocity of 2 mm, for 275 

example, should be twice as big when the standard deviation is twice as large. Conversely, 276 

even a large deviation from perfect reciprocity will have almost no effect on the total 277 

reciprocity (R) if the standard deviation is close to zero. It is also important to note that 278 

measures of variance are incorporated into the metric twice: 1) by deriving an initial metric 279 

using iterative calculations based on individual measurements (reflecting the distribution of 280 

differences) and, 2) by multiplying this metric by its standard deviation.   281 

 In a later paper, Sánchez et al. (2013) modified their index arithmetically to make its 282 

variation more intuitive, so that large values mean greater reciprocity rather than lower:  283 

 284 

     𝑅2 = 1 − (𝑅 × 10)     (10) 285 

 286 
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where R is the index of reciprocity of Sánchez et al. (2008).  However, despite a possible 287 

heuristic value, this arithmetic manipulation was also not given a theoretical justification.  288 

 Another approach to quantifying reciprocity was developed by Lau & Bosque (2003) 289 

and used by Keller et al. (2012) and Zhou et al. (2015). This method quantifies the overlap of 290 

the distributions of anther and stigma positions of reciprocal morphs using an index of 291 

distributional overlap. Although this approach captures some aspects of both bias and 292 

imprecision, it has no explicit theoretical relationship to reproductive fitness and applies no 293 

penalty for imprecision. The index fails by deviating from any implicit concept of pollination 294 

fitness whenever the distributions are broad (low precision).  In this situation the index will 295 

show high "reciprocity" (distributions of reciprocal organs largely overlap) even though the 296 

average distance between reciprocal structures is very large.   297 

 The common thread in all these attempts is that insufficient attention has been paid to 298 

the relationship between the behaviour of the numbers and the properties they are meant to 299 

represent.  In the next section we develop an example of how this can be done.     300 

 301 

Reciprocity as Adaptive Accuracy 302 

 303 

Application of the adaptive-accuracy concept to reciprocity  304 

Reciprocal herkogamy (morph reciprocity) can be viewed as an adaptation promoting 305 

compatible pollination and reproductive fitness, as Darwin and most authors since have 306 

argued (see e.g. Simon-Porcar et al. 2015; Zhou et al. 2015). This means that the reproductive 307 

fitness of individuals with any particular anther position is determined by the distribution of 308 

stigma positions among its potential mates, weighted by its fitness in relation to each, and 309 

vice versa for stigma positions. Since individuals of any given morph or genotype vary in 310 

their exact anther/stigma position, we also have to consider the fitness consequences of this 311 

variation and not just the mean positions. In this situation we can use adaptive inaccuracy, 312 

which is designed to measure the degree of maladaptation of a morph or genotype on a fitness 313 

scale that accounts for both the mean and variance of the phenotypic values of the morph 314 

(Armbruster et al. 2004; Hansen et al. 2006). This has been expanded later to include also 315 

variation in the optimum (Armbruster et al. 2009) and more general fitness functions 316 

(Pélabon et al. 2012). If we assume, for the moment, a quadratic form of the fitness function,  317 

 318 

  
𝑊(𝑧;𝜃)

𝑊(𝜃;𝜃)
 = 1 − 𝑠 (𝑧 − 𝜃)2       (11) 319 
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 320 

where 
𝑊(𝑧;𝜃)

𝑊(𝜃;𝜃)
 is the fitness of a phenotype z relative to the fitness, W(;), at an optimum , 321 

and 𝑠 is the strength of stabilizing selection around the optimum, the adaptive inaccuracy is: 322 

 323 

 Inaccuracy = E[(𝑧 − 𝜃)2] =  (E[𝑧] − E[𝜃])2  + 𝑉𝑧  + 𝑉𝜃     (12) 324 

 325 

where E[𝑧] − E[𝜃] is the bias in adaptation, defined as the difference between the expected 326 

morph value, E[𝑧], and the expected optimal value, E[𝜃] (e.g. the difference between mean 327 

anther position and mean stigma position), 𝑉𝑧 is the variance in the trait (e.g. anther position) 328 

and 𝑉𝜃 is the variance in the target optimum (e.g. stigma position).  329 

 In this form, the inaccuracy is on a squared-distance scale in units of trait-units 330 

squared. To make this meaningful as a measure of maladaptation, we can use the assumption 331 

of a quadratic fitness function to map inaccuracy to fitness (or load) relative to maximum 332 

fitness. For a phenotype, z, the load, L, is defined as: 333 

 334 

  𝐿(𝑧; 𝜃) =
𝑊(𝜃;𝜃)– 𝑊(𝑧;𝜃)

𝑊(𝜃;𝜃)
        (13) 335 

 336 

from which it follows that the inaccuracy is directly proportional to the load: 337 

 338 

  Inaccuracy = E[(𝑧 − 𝜃)2] =
1

𝑠
E[L(𝑧; 𝜃)]     (14) 339 

 340 

and a doubling of the inaccuracy implies a doubling of the load regardless of s. This 341 

establishes a scale for comparisons of inaccuracies in terms of fitness. This scale also allows 342 

a counterfactual interpretation of inaccuracy as the load that would ensue if the trait were 343 

under quadratic stabilizing selection of strength s. A value of s = 1 trait-units squared means 344 

that the inaccuracy equals the load. Note that s is not equal to the usual quadratic selection 345 

gradient, γ, defined as the expected value of the second derivative of fitness relative to the 346 

mean with respect to the trait. When the true fitness function is as given by equation 11, the 347 

two are related as 348 

 349 

  |𝛾| = 2
w(𝜃;𝜃)

E[W(𝑧;𝜃)]
|𝑠| = 2

|𝑠|

1−E[L(𝑧;𝜃)]
       (15) 350 

 351 
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which can be used to compute the load predicted from a given stabilizing selection gradient 352 

and level of inaccuracy. As we will show below, this "load" scale can be extended to specified 353 

general fitness functions.  354 

 In distylous populations comprising L-morph and S-morph plants, seeds are produced 355 

by crosses between flowers of the two morphs but with reduced or zero fertility by crosses 356 

between flowers of the same morph. Let us assume that the length of the stamen, or corolla 357 

plus stamen in epipetalous flowers, determines the height of the anther above the reward or 358 

other relevant landmark, and this height, in turn, determines where pollen is placed on the 359 

pollinator (see Keller et al. 2014). Similarly, the length of the pistil determines the height of 360 

the stigma, which in turn determines where the stigma touches the pollinator to pick up 361 

pollen. Under these assumptions, we can estimate four adaptive inaccuracies by use of 362 

equation 12: 363 

  364 

L-morph inaccuracies: 365 

 366 

 367 

Male InaccuracyL−morph = (�̅� − �̅�)2 + 𝑉𝑎 + 𝑉𝑠    (16) 368 

 369 

  Female InaccuracyL−morph = (𝑆̅ − �̅�)2 + 𝑉𝑆 + 𝑉𝐴    (17) 370 

 371 

S-morph inaccuracies: 372 

 373 

  Male InaccuracyS−morph = (�̅� − 𝑆̅)2 + 𝑉𝐴 + 𝑉𝑆    (18) 374 

 375 

  Female InaccuracyS−morph = (�̅� − �̅�)2 + 𝑉𝑠 + 𝑉𝑎     (19) 376 

 377 

where A is the height of high anthers on tall stamens, S is the height of high stigmas on tall 378 

pistils, a is the height of low anthers on short stamens, s is height of low stigmas on short 379 

pistils, letters with bars are the corresponding population means, and V represents the 380 

corresponding variances.  381 

Because both trait and target variances are included (Armbruster et al. 2009), the male 382 

inaccuracy of the L-morph and the female inaccuracy of the S-morph are mathematically 383 

identical, as are the female inaccuracy of the L-morph and the male inaccuracy of the S-384 

morph.  Because male and female components of fitness contribute equally to population 385 
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mean fitness, these inaccuracy terms should be weighed by 0.5 and then added to obtain the 386 

joint (male + female) inaccuracy.  The sum of the male and female inaccuracies can then be 387 

used to estimate separately the joint inaccuracy of the high (L-morph stigmas and S-morph 388 

anthers) and low organs (L-morph anthers and S-morph stigmas). 389 

    390 

Inaccuracyhigh organs = (�̅� − 𝑆̅)2 + 𝑉𝐴 + 𝑉𝑆     (20) 391 

 392 

Inaccuracylow organs = (�̅� − �̅�)2 + 𝑉𝑎 + 𝑉𝑠     (21) 393 

 394 

 Importantly, this measure brings the effects of mean deviation from the optimum and 395 

variance of organ position onto the same scale, so that their relative effects can be compared 396 

and combined. Although high and low organ inaccuracies are additive, whether and how they 397 

should be combined for estimating overall population inaccuracy depends on morph 398 

frequencies and the questions being addressed (see discussion below). 399 

 An important consideration in using these measures is whether and how to standardize 400 

the traits. The unit of the inaccuracy is trait-units squared. The unit can be adjusted or 401 

eliminated by a variety of standardization procedures. These include proportional scales, 402 

obtained through mean standardization or log transformation, and "variance" scales, obtained 403 

by standardizing with measures of trait variation. The latter is problematic in this case, 404 

because we want to capture the effects of different levels of variation (precision), which 405 

would be lost if variance standardization were employed. The choice between an absolute 406 

(unstandardized) and a proportional scale is more difficult. The correct choice in scaling is 407 

also influenced by the choice of fitness function and by whether fitness declines quadratically 408 

with absolute or proportional deviation of the trait from the optimum.  409 

 This choice becomes particularly pertinent when comparing the high and low organs. 410 

When using a proportional scale (e.g. by dividing the index with the overall trait mean or the 411 

mean of each organ type), one assumes that a percent difference in organ position would 412 

mean the same in terms of the fitness decrease for high and low organs, while using an 413 

absolute scale, one assumes that a 1 mm difference, for example, would mean the same in 414 

terms of fitness for high and low organs. The former might be a better choice if the 415 

pollinators or their behaviours scale with organ height so that the fitness surface is less 416 

downwardly curved per millimetre difference for high organs than for low organs. The latter 417 

might be a better choice if interacting pollinators and their behaviours are the same for both 418 

high and low organs. For comparing organs of different heights within a population, it might 419 
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be better to us an absolute scale.  For comparing populations or species, it may be more 420 

appropriate to mean standardize by the average organ height. We leave the choice of scale 421 

open, but emphasize that this choice is not just a matter of removing units or statistical 422 

convenience; it entails biological assumptions, and these assumptions need to be made 423 

explicit.   424 

 425 

Reciprocity as a fitness surface 426 

 Improved measures of reciprocity could be obtained if there are empirical or 427 

theoretical grounds to further specify the fitness function. As discussed above, this could 428 

include biological reasons for choice of trait scale or strength of stabilizing selection. More 429 

generally, Pélabon et al. (2012) developed a measure of inaccuracy for an arbitrarily specified 430 

fitness function that could be adapted for reciprocity. The basis for this is to compute the 431 

fitness load (L) of a morph with respect to an optimal state, as defined in Eq. 13, where 432 

𝑊(𝑧; 𝜃) is now an arbitrary fitness function for a trait 𝑧, assuming an optimal value  433 

at z = 𝜃 (where maximum fitness is 𝑊(𝜃; 𝜃)). Applying this to a high anther with length A 434 

relative to a given high stigma of length S, the load is  435 

  436 

L(𝐴; 𝑆) =
𝑊(𝑆;𝑆)−𝑊(𝐴;𝑆)

𝑊(𝑆;𝑆)
     (22) 437 

 438 

where we have assumed that a perfect match, A = S, is optimal.  To develop a measure of 439 

reciprocity we need to take account of the fact that, in addition to variation in the focal 440 

organs, there is variation in the target organs, thus representing a variable optimum. Pélabon 441 

et al. (2012) proposed to compute the inaccuracy as E[L(𝑧; 𝜃)] where the expectation is taken 442 

over both the trait, 𝑧, and the optimum, 𝜃. For the high anthers this can be broken down as 443 

 444 

 E[L(𝐴; 𝑆)] = L(�̅�; 𝑆̅) 445 

   + E𝐴[L(𝐴; 𝑆̅)] − L(𝐴;̅ 𝑆̅) 446 

   +E𝑆[L(�̅�; 𝑆)] − L(�̅�; 𝑆̅) 447 

   + E𝐴E𝑆[L(𝐴; 𝑆)] − (E𝐴[L(𝐴; 𝑆̅)] − L(�̅�; 𝑆̅)) 448 

   −(E𝑆[L(�̅�; 𝑆)] − L(�̅�; 𝑆̅)) − L(�̅�; 𝑆̅)     (23) 449 

             450 

where the first line is the adaptive bias due to a mismatch of the means of the anther and 451 

stigma. The second line is the adaptive imprecision due to variation in the anther position. 452 
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The third line is the adaptive imprecision due to variation in the target stigma position, and 453 

the last two lines represent the load due to interactions between the anther and stigma 454 

positions of mating individuals (this interaction term will vanish if between-morph mating is 455 

random with respect to trait position and the fitness function is quadratic). This equation is 456 

symmetric with respect to A and S, and hence gives the inaccuracy for both anthers and 457 

stigma.  It can therefore be used as a measure of the reciprocity of high organs in general. The 458 

same argument applies to low organs simply by replacing upper case A with lower case a and 459 

upper case S with lower case s.  460 

 To use this measure, it is necessary to specify a fitness function, 𝑊(𝑧; 𝜃), that 461 

describes the relative fitness of any combination of anther and stigma positions. This could be 462 

based on functional arguments derived from pollination mechanics or from empirical 463 

measurements. Note that the inaccuracy in this case is measured in units of fitness load.  464 

 465 

Inaccuracy on the level of individuals 466 

 467 

Thus far, we have treated inaccuracy as a population property, but as discussed in Hansen et 468 

al. (2006), it can also be applied to individuals or genotypes for which the level of adaptation 469 

can be assessed in terms of imprecision and bias in their realized phenotypes relative to an 470 

adaptive optimum. Hansen et al. (2006) used this to assess the effects of developmental 471 

stability measured as fluctuating asymmetry on individual- and population-level adaptive 472 

imprecision in animals (see also Pelabon & Hansen 2008). Individual plants with multiple 473 

flowers provide a good system to assess individual-level imprecision. On the quadratic fitness 474 

scale the individual-level imprecision contributes additively to population-level imprecision 475 

and, hence, to inaccuracy. It will therefore often be feasible to decompose population-level 476 

imprecision into within- and among-individual contributions, where the former stem from 477 

developmental instability and plasticity, and the latter from genetic and environmental 478 

variation across individuals (Pélabon et al. 2012).  479 

 In the case of heterostyly, within-individual imprecision resulting from developmental 480 

instability and microenvironmental effects may often be an important contributor to 481 

population-level imprecision. This effect can be measured by computing the variance in 482 

anther and stigma positions across flowers within single plants.  483 

 484 

An Empirical Example: Accuracy of Reciprocity in Primula (Results & Discussion) 485 

 486 
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As a heuristic example of the accuracy measure, we reanalysed the data published in Keller et 487 

al. (2012). These data are from five populations of each of three species of Primula (P. veris, 488 

P. elatior, and P. vulgaris) in which the heights of both high and low anthers and stigmas 489 

were measured (Fig. 1; Table 1). To calculate the different measures of adaptive inaccuracy, 490 

we used equations 20 and 21.  In addition to presenting the unstandardized inaccuracies, we 491 

also calculated and present the inaccuracies standardized by the squared mean of all anther 492 

and stigma heights in each population to facilitate comparison across populations and species 493 

(Table 2).  To obtain 95% confidence intervals we bootstrapped 1000 times at the level of the 494 

individual plant.   495 

 In Table 2 we present the bias, imprecision and inaccuracy values for each population 496 

broken down by organ type. The overall levels of inaccuracy vary both among species and 497 

among populations, ranging from roughly 3 to 8 mm
2
 on a metric scale and 2 % to 9% on a 498 

mean-standardized scale. Interpreted as loads, these values indicate that the fitness is reduced 499 

by 3 to 8% assuming stabilizing selection of strength s = 0.01 mm
−2

, or by 2 to 9% assuming 500 

that mean-scaled stabilizing selection is s𝝁 = 1.  501 

 A mean scaled s𝝁 = 1 means that a load of 2% would result from an individual 502 

phenotype being shifted 14% away from the optimum, and a load of 9% would require a shift 503 

of 30% (because 0.02 ≈ 0.14
2
 and 0.09 ≈ 0.30

2
). Whether this relatively strong selection is 504 

reasonable for the system is hard to assess in view of the lack of good quantitative data on 505 

selection on reciprocity in heterostylous flowers, and indeed on stabilizing selection in 506 

general (Stinchcombe et al. 2008; Morrissey 2015). If the stabilizing selection were an order 507 

of magnitude less (s𝝁 = 0.1), the loads from our observed inaccuracies would range from 508 

0.2% to 0.9%. This may still be strong enough to keep the trait reasonably accurate if this is 509 

variationally possible. Hence, it is at least possible to hypothesize that P. elatior, with an 510 

average inaccuracy of 6%, has experienced weaker or more variable net selection in the past 511 

than the other species, which average 3 - 4% inaccuracies. 512 

 Examination of the contribution of high vs. low organs to total inaccuracy reveals 513 

striking differences among species and populations. For example, total inaccuracy and 514 

imprecision in Primula veris were affected by high and low organs to similar extents.  In 515 

contrast, in P. elatior and P. vulgaris, most of the inaccuracy and imprecision was generated 516 

by the high organs alone (Table 2, Fig. 2). Interestingly, the high sexual organs of P. elatior 517 

and P. vulgaris contribute to limiting pollen transfer between the two species more than the 518 

low sexual organs (Keller et al., 2016). These differences between species are captured by our 519 
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measure of reciprocal inaccuracy, but would not be obvious from other reciprocity indices 520 

(Table 3), either because they mix the properties of short and tall organs (Eckert & Barrett 521 

1994 and Sánchez et al. 2013) or because the calculations fail to reveal this property of the 522 

data (Richards and Koptur 1993; Table 3).  523 

 As seen in Table 4, the Sánchez index was strongly correlated with mean-scaled 524 

inaccuracy across these populations and species. This is driven by the fact that the factor ra of 525 

the Sánchez index in equation 5 equals the expected square root of the individual-level 526 

inaccuracy on the corresponding level. In addition, when there is little bias, traits are 527 

normally distributed, and trait variances are similar across levels (as in most of our 528 

populations when mean scaled), then the Sánchez r in equation 6 becomes proportional to the 529 

square root of the imprecision. Consequently, R = r ×SD(r) is approximately proportional to 530 

inaccuracy under these conditions.  However, such a strong relationship is not a general 531 

expectation. Note also that only inaccuracy provides a numerical connection to a model of 532 

fitness and hence a means for quantitative interpretation of the data. Previous indices lack this 533 

property, and the numbers they produce, as well as the differences between populations or 534 

species provided by these indices, remain largely devoid of biological meaning.  535 

 Imprecision in floral sexual organs may often result from developmental variation, 536 

that is, within- and among-individual variation in phenotypes resulting from developmental 537 

noise generated by environmental and/or genetic factors (see discussions in Hansen et al. 538 

2006). Such developmental variation is expected to affect the imprecision of organs 539 

proportionally (see Eckert & Barrett 1994), just as variation of biological size measurements 540 

usually scales with the mean.  Consistent with this expectation, across all organs, populations 541 

and species, the unstandardized imprecision of organs scaled with the square of the means of 542 

the respective organ (b = 0.86 ± 0.11; r
2
 = 0.50; Fig. 3A).  A similar relationship was also 543 

evident as a weak trend among populations within species (Fig. 3B).   544 

The effect of developmental variation on imprecision provides a possible explanation 545 

for the different pattern observed in P. veris, where low organs contributed more heavily to 546 

floral imprecision (means of 27.5 - 37.1% of total population imprecision in P. veris; vs. 17.7 547 

- 21.5% in P. elatior and 21.3 - 25.3% in P. vulgaris; calculated from Table 2).  Inspection of 548 

Table 1 reveals that the difference between high- and low-organ heights in P. veris is smaller 549 

than in the other two species. Taken together, these observations suggest that the part of the 550 

inaccuracy resulting from variation in floral-organ height reflects developmental imprecision 551 

of rather similar magnitude in the different populations and species. We can further speculate 552 

that greater precision is either not developmentally possible or selection for it is not strong 553 
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enough to overcome genetically correlated costs.  Indeed, greater realized imprecision caused 554 

by pollinator movement and variation in pollinator orientation could weaken selection for 555 

floral precision (see Armbruster 2014, Keller et al. 2014)  556 

 557 

General Discussion and Conclusions 558 

 559 

The most salient criticism made by Sánchez et al. (2008) of earlier reciprocity indices was 560 

that those indices failed to incorporate the within-population variation into a single 561 

reciprocity measure.  This parallels criticisms by Orzack and Sober (1994a, b) and Hansen et 562 

al. (2006) of optimality studies, most of which fail to include within-population variation as a 563 

component of maladaptation.  Indeed, the total departure from reciprocity in a population is 564 

clearly affected by variation in the population as well as by deviation of the mean from the 565 

optimum. Sánchez et al. (2008) dealt with this problem by incorporating variation into their 566 

reciprocity metric. Despite the Sánchez et al. reciprocity indices yielding results that 567 

correlated surprisingly closely with our inaccuracy metric across the populations in the 568 

Primula data set (Table 4), we cannot recommend the former approach due to its lack of 569 

connection to theory and its use of ad hoc arithmetic manipulations. The high correlation in 570 

our example is case specific and not general. There will be cases were the two diverge and 571 

where the Sánchez et al. index give counterintuitive results. For example, if a trait has near-572 

zero imprecision, the Sanchez index will indicate perfect reciprocity even when there is 573 

substantial adaptive bias. The inaccuracy index, in contrast, will correctly capture the non-574 

zero fitness load in these cases. 575 

 In addition to establishing a meaningful scale in terms of pollination probability or 576 

fitness load, adaptive inaccuracy also has the advantage of distinguishing the relative 577 

contribution of “maladaptive bias” (departure of the population mean from the optimum, 578 

which corresponds, in this case, to departure from perfect reciprocity) and “imprecision” 579 

(variation around the population mean) to the overall phenotypic load. Although we are not 580 

the first to recognize that both bias and imprecision contribute to inaccuracy in heterostylous 581 

pollen transfer (e.g. Eckert and Barrett 1994, Sánchez et al 2008, 2013), the measures we 582 

propose are the first to express these contributions on a common scale, thereby allowing 583 

direct comparison of the respective contributions of these two components to the decrease in 584 

fitness.  585 

 Estimating and comparing the relative importance of the bias and imprecision 586 

components of inaccuracy, as we have done here, provides valuable insights into how 587 
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adaptive improvements in accuracy are likely to occur.  The opportunity for evolution of the 588 

mean is greater if adaptive bias is the major contributor to adaptive inaccuracy ("selection on 589 

the mean").  In contrast, increased precision (e.g. through canalisation) will be the only 590 

possible evolutionary response if adaptive bias is not an important contributor to adaptive 591 

inaccuracy.            592 

 Adaptive accuracy is also flexible in that it allows generalization to any form of 593 

(stabilizing) selection (Pélabon et al. 2012).  There are indeed two possible ways to relate 594 

reciprocity to fitness.  When no specific information about the fitness function is available, 595 

we can use the measure based on a quadratic fitness function to set a scale. In this case, the 596 

absolute values of the inaccuracy index can only be interpreted counterfactually, but the 597 

relative contributions of bias, precision and target variance can be interpreted as relative 598 

effects on the fitness load under quadratic selection. Similarly, the relative values of traits or 599 

populations can be interpreted as their relative loads if they were subject to the same levels of 600 

weak (hence quadratic) stabilizing selection. When an empirical fitness function is available, 601 

this can be used to give exact interpretations of the inaccuracy values as fitness loads, as 602 

explained above and in Pélabon et al. (2012). This is the closest one can get to understanding 603 

the actual selection for reciprocity. 604 

 The advantage of using a flexible fitness model for assessing the adaptive significance 605 

of reciprocity is well illustrated by the case of Linum suffruticosum (Linaceae), a 606 

heterostylous perennial of the western Mediterranean.  In this system, pollen placement and 607 

retrieval operates in three dimensions.  Reciprocity occurs on a plane rather than on a line as 608 

normally modelled (Armbruster et al. 2006). As a result, standard measures of reciprocity 609 

would lead one to expect inefficient inter-morph transfer of pollen (e.g. A and S differ 610 

greatly), when in fact this arrangement appears to work well in generating inter-morph 611 

(disassortative) pollen flow (Armbruster et al. 2006; see also discussion in Eckert & Barrett 612 

1994). This efficiency can be captured by an adaptive accuracy measure relating directly to 613 

the mechanics of pollinator contact with fertile parts (Armbruster et al. 2009). An important 614 

next step will be to use phenotypic-selection analysis to test the fitness consequences of the 615 

departure of individual flowers from accuracy, in terms of both arrival of compatible pollen 616 

and seed set.     617 

 Here we have illustrated the utility of adaptive-accuracy metrics by examining 618 

likelihoods of compatible pollinations as revealed by reciprocity of heterostylous morphs; 619 

however, this approach has much broader application.  It is a useful framework of analysis 620 

whenever variation in morphological, physiological, or behavioural traits (see, e.g., Dvorak & 621 
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Gvozdik 2010) is thought to influence biological function and ultimately reproductive fitness. 622 

For example, expected pollen-flow rates between compatible morphs of tristylous plants 623 

(Darwin 1877), enantiostylous plants (Barrett 2002, Vallejo-Marin et al. 2013), flexistylous 624 

and heterodichogamous plants (Li et al. 2001a, 2001b, Renner 2001), and inversostylous 625 

plants (Pauw 2005), and between staminate and pistillate flowers in plants with unisexual 626 

flowers (e.g. Armbruster et al. 2009) can be modelled in the fashion described above for 627 

heterostylous plants.  Flower-part movements also make adaptive sense in light of precision 628 

and accuracy (Li et al. 2001a, Armbruster et al. 2004, 2014).  In addition, the adaptive nature 629 

of floral polymorphisms, such as stigma-height dimorphisms, and heterostylous flowers that 630 

are too widely open to work in a linear fashion as classically described (Darwin 1877, Barrett 631 

2002) can be interpreted using adaptive accuracy.  All that is required for the adaptive-632 

accuracy model is a floral landmark that constrains the position of the pollinator (e.g. nectary 633 

or corolla throat) and measurements that capture where pollen is likely to be placed on the 634 

pollinators and where stigmas are likely to contact the pollinators when they are collecting 635 

the reward.     636 

 There are also general lessons to be learned from the botanical story recounted here, 637 

with applications to all areas of biology. We biologists have been largely ignorant of 638 

procedures recommended by measurement theoreticians for the development of numerical 639 

indices for capturing ecological and functional properties of organisms.  Regardless of the 640 

utility of measuring reciprocity as an accuracy, the future development and evaluation of 641 

measures of reciprocity should adhere to the principles and procedures described herein to 642 

ensure a proper quantitative connection between numbers and biology. 643 
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Table 1. Descriptive statistics. Sample size for the two morphs (Long and Short) organ height for each type of organ (high stigmas S, high anthers A, 

low stigmas s, low anthers a), the average organ height across all organ types, and the variance (Var) of each organ type.  

Species Locality N L-morph N S-morph Mean S 

(mm) 

Mean A 

(mm) 

Mean s 

(mm) 

Mean a 

(mm) 

Average organ  

height (mm) 

Var(S) 

(mm
2
) 

Var(A) 

(mm
2
) 

Var(s) 

(mm
2
) 

Var(a) 

(mm
2
) 

P. elatior Küsnacht 18 17 11.844 12.791 6.005 6.016 9.157 0.866 1.407 0.266 0.234 

 Kollbrunn 30 26 12.004 13.001 6.148 6.515 9.406 0.840 0.481 0.328 0.173 

 Zurich 1 29 28 13.000 14.288 6.856 7.263 10.348 1.899 1.585 0.594 0.710 

 Zurich 2  22 19 13.414 12.649 6.066 6.870 9.779 4.490 1.962 0.205 0.498 

 Thöringen 34 28 12.400 12.502 5.467 6.862 9.339 1.666 1.479 0.711 0.280 

 average   12.532 13.046 6.108 6.705 9.606 1.952 1.383 0.421 0.379 

             

P. veris Seewis 30 26 14.114 14.529 8.777 9.254 11.670 1.182 0.807 1.067 0.532 

 Montreux 31 25 14.731 14.815 8.768 9.122 11.866 0.694 0.642 0.487 0.525 

 Kollbrunn 28 31 13.280 13.799 8.206 8.909 11.046 0.903 1.867 0.772 0.388 

 Pfungen 30 30 14.456 14.550 7.891 9.308 11.551 1.316 1.733 0.407 0.234 

 Glarus 29 28 14.869 14.887 8.162 10.099 12.013 0.928 0.393 0.225 0.380 

 average   14.290 14.516 8.361 9.339 11.629 1.005 1.088 0.592 0.412 

             

P. vulgaris Pompagles 15 9 16.300 16.225 9.103 10.072 12.990 1.315 2.049 0.104 0.446 
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 Arogno 26 27 14.971 16.410 8.526 9.015 12.235 1.035 1.591 0.429 0.615 

 Vaglio 27 29 16.313 17.576 8.749 9.470 13.032 1.050 2.354 0.354 0.336 

 Collonges 27 29 15.483 16.053 8.582 9.468 12.394 0.806 3.259 0.527 1.165 

 Lausanne 28 28 16.104 17.208 9.233 9.165 12.927 1.784 3.505 0.613 0.883 

 average   15.834 16.694 8.839 9.438 12.716 1.198 2.552 0.405 0.689 
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Table 2.  Estimates of inaccuracy and its different components across species and populations (95% confidence interval in parenthesis). The inaccuracy 

of the high and low organ types are presented in percentage of total inaccuracy, so that they sum to 100%. The inaccuracy of the high and low organ 

types are further decomposed into maladaptive bias
2
, (the square of the departure of the trait mean from the optimum), variance (=imprecision) of the 

anthers and variance (= imprecision) of the stigmas, and these three components sum to the inaccuracy of each respective organ type. The six 

components for each population sum, in turn, to 100%. Total inaccuracy for each population is given as the absolute value (in units of mm
2
) in column 

7 and in percentage of the mean
2
 in column 8.  

 

Locality Organ type Inaccuracy 

Maladaptive 

bias
2
 

Variance  

anther 

Variance  

stigma 

Total  

Inaccuracy 

Mean
2
-Standardized 

Total Inaccuracy 

P. elatior:        

Küsnacht High 86 (72, 92)% 24 (0, 66)% 38 (9, 65)% 23 (7, 49)% 
3.7 (1.7, 6.0) mm

2
 4.4 (1.9, 9.3)% 

 Low 14 (8, 28)% 0 (0, 10)% 6 (3, 12)% 7 (2, 13)% 

Kollbrunn High 78 (59, 88)% 34 (6, 61)% 16 (6, 31)% 28 (10, 44)% 
3.0 (1.5, 4.9) mm

2
 3.3 (1.7, 6.4)% 

 Low 22 (12, 41)% 4 (0, 22)% 6 (3, 10)% 11 (2, 26)% 

Zurich 1 High 78 (59, 88)% 25 (1, 56)% 24 (8, 40)% 28 (14, 43)% 
6.6 (3.8, 9.9) mm

2
 6.2 (3.7, 12.2)% 

 Low 22 (12, 41)% 3 (0, 20)% 11 (4, 19)% 8 (2, 15)% 

Zurich 2 High 84 (73, 92)% 7 (0, 53)% 23 (5, 38)% 53 (15, 77)% 
8.4 (4.9, 12.6) mm

2
 8.8 (4.1, 15.9)% 

 Low 16 (8, 27)% 8 (1, 19)% 6 (2, 10)% 2 (1, 5)% 

Thöringen High 52 (36, 71)% 0 (0, 18)% 24 (12, 33)% 27 (11, 45)% 
6.1 (3.7, 8.8) mm

2
 7.0 (3.8, 10.7)% 

 Low 48 (29, 64)% 32 (17, 50)% 5 (2, 9)% 11 (4, 17)% 

average* High 75% 15% 25% 35% 
5.5 mm

2
 5.9% 

 Low 25% 10% 7% 7% 

        

P. veris:        
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Seewis High 54 (39, 69)% 4 (0, 27)% 20 (9, 28)% 30 (16, 39)% 
4.0 (3.0, 5.2) mm

2
 2.9 (2.0, 4.0)% 

 Low 46 (31, 61)% 6 (0, 32)% 13 (7, 18)% 27 (7, 38)% 

Montreux High 54 (41, 71)% 0 (0, 19)% 26 (11, 40)% 28 (16, 40)% 
2.5 (1.7, 3.4) mm

2
 1.8 (1.1, 2.5)% 

 Low 46 (29, 59)% 5 (0, 27)% 21 (9, 31)% 20 (8, 32)% 

Kollbrunn High 65 (44, 79)% 6 (0, 35)% 40 (20, 50)% 19 (7, 32)% 
4.7 (3.1, 6.6) mm

2
 3.8 (2.5, 5.8)% 

 Low 35 (21, 56)% 11 (0, 36)% 8 (3, 15)% 16 (8, 22)% 

Pfungen High 54 (35, 75)% 0 (0, 20)% 30 (6, 46)% 23 (12, 32)% 
5.7 (3.9, 7.6) mm

2
 4.3 (2.6, 6.0)% 

 Low 46 (25, 65)% 35 (17, 55)% 4 (2, 6)% 7 (2, 12)% 

Glarus High 23 (15, 35)% 0 (0, 7)% 7 (3, 11)% 16 (9, 25)% 
5.7 (3.9, 7.3) mm

2
 3.9 (2.5, 4.9)% 

 Low 77 (65, 85)% 66 (55, 77)% 7 (3, 12)% 3 (2, 7)% 

average* High 48% 2% 24% 22% 
4.51 mm

2
 3.4% 

 Low 52% 29% 9% 13% 

        

P. vulgaris:        

Pompagles High 69 (52, 86)% 0 (0, 32)% 42 (14, 60)% 27 (5, 38)% 
4.9 (3.3, 6.3) mm

2
 2.9 (1.9, 3.9)% 

 Low 31 (14, 48)% 19 (4, 40)% 9 (2, 16)% 2 (1, 3)% 

Arogno High 79 (60, 89)% 35 (6, 65)% 27 (11, 43)% 17 (6, 27%) 
6.0 (3.9, 8.7) mm

2
 4.0 (2.6, 7.8)% 

 Low 21 (11, 40)% 4 (0, 21)% 10 (6, 14)% 7 (2, 13)% 

Vaglio High 81 (59, 92)% 26 (3, 55)% 38 (22, 50)% 17 (7, 28)% 
6.2 (3. 7, 9.8) mm

2
 3.7 (2.1, 6.4)% 

 Low 19 (8, 41)% 8 (8, 24)% 5 (2, 9)% 6 (2, 12)% 

Collonges High 64 (41, 84)% 5 (0, 34)% 47 (26, 64)% 12 (5, 20)% 
6.9 (4.6, 9.5) mm

2
 4.5 (3.0, 7.0)% 

 Low 36 (16, 59)% 11 (1, 33)% 17 (5.9, 26)% 8 (3, 13)% 

Lausanne High 81 (68, 91)% 15 (0, 51)% 44 (21, 59)% 22 (6, 37)% 
8.0 (5.1, 11.1) mm

2
 4.8 (3.0, 8.2)% 

 Low 19 (9, 31)% 0 (0, 8)% 11 (3, 18)% 8 (3, 13)% 

average* High 75% 16% 40% 19% 
6.4 mm

2
 4.0% 

 Low 25% 8% 11% 6% 

* These are the percentages of the averages, as measured in mm
2
 (not the average of the percentages); average total inaccuracy is in units of mm

2
 or in percentages of trait means. 
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Table 3.  Comparisons of several previous reciprocity indices calculated for the Primula study populations. Sanchez et al. R2 refers to the modification 

of the Sanchez et al. (2008) index R as proposed in Sanchez et al. (2013). 

 

Species Population Sánchez et 

al. R2 

Eckert & 

Barrett R 

Richards & 

Koptur Rtall 

Richards & 

Koptur Rshort 

P. elatior Küsnacht 0.872 0.380 0.038 0.001 

P. elatior Kollbrunn 0.896 0.357 0.040 0.029 

P. elatior Zurich 1 0.807 0.354 0.047 0.029 

P. elatior Zurich 2 0.749 0.297 -0.029 0.062 

P. elatior Thöringen 0.772 0.316 0.004 0.113 

P. veris Seewis 0.906 0.230 0.014 0.026 

P. veris Montreux 0.942 0.242 0.003 0.020 

P. veris Kollbrunn 0.877 0.228 0.019 0.041 

P. veris Pfungen 0.867 0.235 0.003 0.082 

P. veris Glarus 0.895 0.208 0.001 0.106 

P. vulgaris Pompagles 0.916 0.242 -0.002 0.051 

P. vulgaris Arogno 0.877 0.315 0.046 0.028 

P. vulgaris Vaglio 0.886 0.323 0.037 0.040 

P. vulgaris Collonges 0.855 0.274 0.018 0.049 

P. vulgaris Lausanne 0.854 0.317 0.033 -0.004 
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Table 4. Pearson correlations between scaled and unscaled inaccuracies and previous reciprocity indices for the Primula study populations (N = 15).  

Correlations with Sanchez et al. (2008) R are presented here; correlations with Sanchez et al. (2008) R2 are identical but with opposite sign. Richards 

and Koptur (1993) reciprocities were converted from signed values to absolute values.  They could be correlated only with the inaccuracy measures 

because only the latter provide measurements for high and low organs separately, as does the Richards & Koptur (1993) index.   

 

 Unstandardized 

Inaccuracy (mm
2
) 

Sánchez et al.  

R 

Eckert & Barrett 

R 

Richards & Koptur 

R (high organs) 

Richards & Koptur 

R (low organs) 

Mean
2
-standardized 

   inaccuracy 
0.731 0.988  0.355 0.545 0.902 

Unstandardized 

   inaccuracy (mm
2
)  

0.713 0.107 0.572 0.828 

Sánchez et al. R 
  

-0.377 - - 
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Figures 

 

 

 

Figure 1.  Diagram of distylous flowers (based on Primula) showing A, a, S, and s.  Highest fitness 

is achieved when compatible pollen moves between organs at the same level, i.e. from A to S and 

from a to s.  Figure modified, with permission, from Keller et al. (2012).   
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Figure 2. Relationship between trait values, relative fitness and load assuming the quadratic fitness 

function 
𝑊(𝑧;𝜃)

𝑊(𝜃;𝜃)
= 1 − 𝑠(𝑧 − 𝜃)2 in blue. The distribution of trait values (horizontal histogram), 

with mean given by µ, are transformed into a distribution of relative fitness values (vertical 

histogram) using the quadratic fitness function with an optimum at trait value θ. The green arrow 

labelled "At pop. mean" refers to the fitness accrued at the population mean.  Other symbols are 

defined in the text.    
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Figure 3.  A. The relationship between squared organ height and organ variance (b = 0.86 ± 0.11; r
2
 

= 0.50). B. The relationship between difference in imprecision (imprecision of tall organs minus 

imprecision of short organs) and squared difference in mean organ height of low and high organs  

(r = 0.53).   

 

 

 

 


