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Animals communicate using signals perceived via multiple sensory modalities
but usually invest more heavily in one of type of signal. This pattern, observed by
Darwin' and many researchers since, led to development of the transfer
hypothesis (see also transferal effect’ and tradeoff hypothesis’*), which predicts a
negative relationship between investment in different signaling modalities
dictated by the relative costs and benefits of each. One factor that influences
costs and benefits, and is central to the sensory drive hypothesis’ posed to
account for signal evolution, is the suitability of the environment for different
types of signals. Movement into a dark habitat, for example, should favor
investment in acoustic over visual signals. We use phylogenetic comparative
methods to analyze the joint effect of transfer and sensory drive on plumage and
song variation in 52 species of a large radiation of passerine birds, the New
World warblers (Parulidae), and to estimate temporal patterns in the
accumulation of differences in visual and vocal signals and habitat along the
evolutionary history of this lineage. We found evidence for the predicted
negative correlations between a variety of song and plumage traits that vary with
habitat type. Plumage contrast to background and chromatic diversity were both
negatively related to syllable variety when vegetation structure was a covariate:
birds with a greater variety of song syllables and less colorful plumages live in
closed or darker habitats. Also as predicted, achromatic or brightness diversity
was related to vegetation structure. In addition, disparity-through-time analyses
showed that when one set of traits (i.e. songs or colors) diversified at a relatively
high rate the other did not, as predicted by the transfer hypothesis. Our results

show that sensory drive influences the transfer of investment between traits in
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different sensory modalities. This interaction between mechanisms shaping

signals may be a major determinant in the evolution of animal communication.

Ever since Darwin', naturalists have noted a negative relationship between bright
colors and the elaboration of songs involved in animal communication. For example,
“...in territorial passerine birds, there tends to be an inverse relation between the
development of auditory distinctiveness (song of species with cryptic behavior and
coloration, e.g., grasshopper warbler, chiffchaff) and visual distinctiveness (pattern of
species with conspicuous behavior, e.g., stonechat, pied flycatcher)...” °. Such
observations led to the postulation of the transferal effect®’ or tradeoff hypothesis®
(later named transfer hypothesis), which states that the complexity of signals in
different modalities should be negatively related. Animals are expected to invest
primarily in one type of signal (i.e., vocal, chemical, or visual®) owing to various
factors, including internal limitations in energy expenditure (classical life-history
tradeoffs”'’), predators'', parasites'?, physical conditions of the habitat®, and the
conflicting forces of sexual and natural selection'’. Despite the generality and

popularity of this hypothesis, there have been few'*"

attempts to test it with a robust,
phylogenetically informed data set that includes variation in multiple signal

modalities and covariation with the signaling habitat that influences the salience of

these signals.

Here, we test for a negative relationship between elaboration in song and plumage
coloration in the context of the signaling habitat, thus linking the transfer hypothesis
with another leading hypothesis posed to account for signal evolution, namely sensory

drive’. The sensory drive hypothesis posits that variation in habitat features leads to
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variation in selection pressures by affecting the ease with which different traits are
perceived. For example, because the use of visual signals for communication in dark
habitats (e.g. forest understory, turbid waters) is expected to be ineffective™, acoustic
or olfactory signals should be more prevalent as targets of sexual selection in such
environments. In turn, in open areas or clear waters one expects visual signals to be
more elaborate than vocal or chemical signals. Although several studies have
supported the sensory drive hypothesis, they have largely focused on a single

115,17—20

communication channel (i.e., visua , olfactory'®, or acoustic signals®**’) and

have not considered interactions among channels as those implied by the transfer
13-1524

hypothesis. Similarly, the few existing examinations of the transfer hypothesis

have not considered the influence of habitat on signal salience.

Using data on plumage, song, and habitat, we examined correlations between visual
and acoustic signals mediated by the environment across a large radiation of passerine
birds. The New World warblers (Parulidae) are a group of small, often colorful,
primarily insectivorous oscines with diverse songs and a broad diversity of habitat
affinities and life histories®. The tuning of the visual system of warblers varies with
habitat and this should generate differential, habitat-specific selection on visual
signals. Expression of opsins varies with the light environment occupied by different
species™; specifically, short-wavelength sensitive type 2 opsins (SWS2) are shifted to
longer wavelengths in species living in closed forest environments>’ where most of
the short wavelengths are filtered by vegetation®. In addition, female expression of
these same opsins varies with plumage dichromatism, suggesting a role for sensory

drive®.
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100  In analyses that did not account for the habitat preferences of species, we found no
101  support for the prediction of the transfer hypothesis that elaboration in plumage

102  coloration (chromatic diversity of plumage and chromatic contrast to the back) and
103  song traits (vocal deviation -a measure of vocal performance-, syllable variety and
104  song length) should be negatively related (Table 1, 2). However, when we included
105  vegetation structure as a covariate (i.e., open vs. closed habitats), significant negative
106  relationships between variables emerged, suggesting that apparent transfers in

107  investment between signals in different communication channels are mediated by
108 habitat. Specifically, chromatic contrast to background (= -6.79, t= -2.69, p=0.01)
109  and chromatic diversity of plumage were negatively related to song syllable variety
110 (B=-1.51,t=-3.31,p=0.001, Table 1), such that species with less colorful plumage
111  exhibit songs with a greater variety of syllables and live in closed habitats (§ = 1.96,
112 t=2.76,p=0.008). Additionally, achromatic diversity of plumage was significantly
113  related to vegetation structure (f= 3.22, t=-2.16, p=0.03, Table 2) and to vocal

114  deviation (= 1.6290, t=2.0145, p=0.05, Fig. 1); this indicates that birds with darker
115  backs live in darker habitats and communicate using songs demanding greater

116  performance. A plausible interpretation of these results is that in forest species natural
117  selection to reduce conspicuousness due to predation has resulted in a match between
118  plumage coloration and background color; this has presumably triggered an

119 investment transfer between visual and vocal signals, resulting in more elaborate

120  songs favored by sexual selection. These patterns we found are uniquely predicted by
121  acombination of the transfer and sensory drive hypotheses.

122

123 A more specific prediction of the transfer hypothesis considers not only the

124  evolutionary end points of elaboration in visual versus vocal signals, but the dynamic
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125  processes that gave rise to their negative relationship. Analyses of the accumulation of
126  disparity in color and vocal traits along the New World warbler phylogeny suggest a
127  negative evolutionary correlation between these two different types of signals across
128  time. Relative to a null process of accumulation of phenotypic disparity (i.e., under a
129  Brownian-motion process of evolution), chromatic (chromatic diversity of plumage
130  and chromatic contrast to background) and achromatic (achromatic diversity of

131  plumage) disparity in coloration accumulated at a faster rate near the tips of the

132 phylogeny (Fig. 1), indicating divergence among closely related taxa. Accumulation
133  in disparity in song length and syllable variety also differed from the null but, by

134  contrast, peaked around the middle of the clade’s history and not near the present.
135  Taken together, patterns of evolutionary change in plumage and song traits appear to
136  be decoupled: when there were bursts in accumulation in disparity in song length and
137  syllable variety, disparity in plumage coloration did not deviate from the null and vice
138  versa (Fig. 1). In other words, it appears that when one set of traits diversified at a
139 relatively high rate the other did not, as predicted by the transfer hypothesis. The

140  pattern of disparity through time estimated for vegetation structure closely mirrored
141  patterns observed for plumage coloration variables (Fig. 1). This suggests that

142  diversification in coloration in warblers may have been linked to shifts between

143  habitats differing in light availability and color properties as predicted by the sensory
144  drive hypothesis. In contrast to traits involved in visual and acoustic communication,
145  morphological traits (i.e., body mass and bill size) accumulated disparity as expected
146  under a Brownian-motion model of evolution.

147

148  Considering vegetation structure allowed us to reveal a negative association between

149  vocal and visual signals that was otherwise absent when vegetation structure was not
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150  considered a covariate. We thus conclude that the signaling environment mediates the
151  evolution of the relationship between vocal and visual signals, resulting in negative
152  relationships between the degree of elaboration of different types of signals (i.e.,

153  apparent transferal effects). A variety of studies have tested the transfer hypothesis in
154  birds, with mixed results: finches and avenue-building bowerbirds exhibit negative
155  relationships between acoustic and visual signals***’, but no evidence of such apparent
156  transference has been found in trogons'’, Asian barbets'* or tanagers'. In other groups
157  like butterflies®, fishes'®*' and plants™, there is evidence of negative relationships
158  between signals driven by the properties of the habitat. For example, in turbid waters
159  sticklebacks rely more on olfactory cues to attract mates than in clear waters®' ™,

160  suggesting a transference from visual signals to chemical signals, mediated by habitat.
161

162  Our study offers strong support for the transfer hypothesis, but only when it is

163  considered in the context of sensory drive. Transfer in signal investment occurs when
164 there are differential costs and benefits of signals in different modalities. Our results
165  suggest that these differential costs and benefits need not occur because of internal
166  physiological or developmental constraints as previously suggested, but can be

167  generated by the saliency of signals in their local habitat. We conclude that to

168  understand the diversity of multimodal communication strategies it is necessary to
169  address not only the magnitude of investment in signaling modalities but also the

170  selective forces that influence their salience.

171

172 METHODS SUMMARY

173  We measured coloration in New World warblers using museum specimens with an

174  Ocean Optics (Dunedin, FL.) USB2000 spectrophotometer and a PX-2 pulsed xenon
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175  light source to record reflectance across the avian visual spectrum. For each specimen,
176  we measured all plumage patches we observed that appeared to be differently colored
177  to the human eye along 40 measurement points in ventral and dorsal sides. With these
178  data, we constructed three variables describing colors: (1) chromatic and (2)

179  achromatic diversity, and (3) contrast to background, assuming that the color in of the
180  backs matched the color of the background, we can use that variable as a proxy of the
181  color of the background where birds live. Chromatic and achromatic diversity were
182  calculated by comparing the contrast between every color measured on each specimen
183  using the library pavo*’, implemented in R.

184

185  We used data on song length, syllable variety and vocal deviation from a previous
186  study* as measurements of song elaboration"’ in New World warblers. We explored
187  the evolutionary history of communication signals (visual and acoustic) in New

188  World warblers (Parulidae) using comparative methods designed to understand the
189  patterns of evolution of traits along a phylogeny™ (DTT plots) and phylogenetic

190  generalized least squares (PGLS)” models to test for relationships between variables
191  predicted by the transfer hypothesis and sensory drive.
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Table 1. Phylogenetic generalized least squares multiple regressions of plumage

contrast to the back on different sets of predictors. Only when we included vegetation

structure as a covariate did significant negative relationships between variables

emerge (the model that best fit the data is shown in bold), suggesting that transfers in

investment between signals in different communication channels are mediated by

habitat.

Independent variables AIC p-value Adjusted R-squared
Syllable variety 84.18 0.89 -0.02
Vocal Deviation 84.28 0.98 -0.02
Song Length 83.90 0.68 -0.01
Vegetation 83.95 0.71 -0.02
Syllable Variety * Vegetation 76.77 0.01 0.17
Song Length * Vegetation 87.36 0.88 -0.05
Vocal Deviation * Vegetation 86.95 0.80 -0.04
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Table 2. Phylogenetic generalized least squares multiple regressions of achromatic

diversity (dL) on different sets of predictors. Achromatic diversity of plumage was

significantly related to vocal deviation and vegetation structure. Vocal deviation was a

good predictor of achromatic diversity, but the explanatory power of the model

increased when vegetation was included in the model. This indicates that birds with

darker backs live in darker habitats and communicate using songs demanding greater

performance.

Independent variables AIC p-value Adjusted R-squared
Syllable variety 283.99 0.32 0.00
Vocal Deviation 281.67 0.02 0.07
Song Length 284.30 0.44 0.00
Vegetation 280.76 0.02 0.10
Syllable Variety * Vegetation 283.52 0.14 0.12
Song Length * Vegetation 282.39 0.08 0.08
Vocal Deviation * Vegetation 281.69 0.03 0.12
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Figure 1. Disparity through time (DTT) plots for plumage, songs, morphology and
vegetation suggest a negative evolutionary correlation between plumage traits and
attributes of songs possibly mediated by habitat. Disparity in color traits (in red) and
habitat (in green) accumulated at a faster rate near the tips of the phylogeny.
However, disparity in variables related to song elaboration (in blue) peaked around
the middle of the clade’s history. Morphological traits like body size and bill size (in

black) followed a null evolutionary model.
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358 METHODS

359  We explored the evolutionary history of communication signals using comparative
360 methods designed to understand the patterns of evolution of traits along a phylogeny™*
361  (disparity through time [DTT] plots) and phylogenetic generalized least squares

362 (PGLS)” to evaluate different models. We focused on New World warblers

363  (Parulidae), which have evolved in contrasting habitat types, and differ in

364 communication strategies to study the evolution of communication signals.

365

366  Plumage conspicuousness

367 We measured coloration in New World warblers using museum specimens. In total
368  we measured 231 study skins of 51 species (see Supplement) in the collections at the
369  Museum of Natural Science at Louisiana State University (LSUMZ). To avoid any

370 effects of specimen age on reflectance measures'’*°

the most recent specimens with
371  the freshest looking plumage for each species were chosen. We used an Ocean Optics
372  (Dunedin, FL) USB2000 spectrophotometer with a PX-2 pulsed xenon light source to
373  record reflectance across the avian visual spectrum. All measurements were taken at a
374  45-degree angle to the feather surface. For each species and each sex, we measured all
375  colors we observed in all patches that appeared to be differently colored to the human
376  eye along on 40 measurement points in the ventral and dorsal sides of each specimen.
377  These measurements encompassed all major plumage patches (dorsal: crown, mantle
378  and rump; ventral: throat, breast and belly).

379

380  To quantify the conspicuousness of plumage coloration we used two approaches.

381  First, we calculated euclidean distances between the colors in the belly, rump and

382  crown against the color in the mantle. Birds increase crypsis by displaying
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383  countershaded patterns (lighter ventral than dorsal parts) and by matching background
384  contrast (Fig. S1), particularly on their dorsal parts, which are often more exposed to
385  predators **’. For this reason, being unable to measure light environments for all

386  species in the field, we assumed that dorsal plumage approximately emulates —or at
387  least more closely resembles— the color of the background where birds live.

388  Therefore, the contrast between the back and the belly, crown and rump colors was
389  used as a proxy for conspicuousness. For this approach, we used an avian visual

390  model™” to analyze colors in a tetrahedral color space. We called this variable

391  contrast to the back. Our second approach used a discrimination model which

392  calculates a contrast, for the chromatic and achromatic domain, in avian color space
393  defined by the quantum catches of each receptor type (i.e., cone cell) in the avian

394  retina®. The model assumes that color discrimination in this perceptual space is

395 limited by noise originating in the receptors, and that no visual signal results when
396  stimulus and background differ only in intensity*’. We calculated the chromatic (dS)
397  and achromatic (dL) diversity of plumages as follows. First, we measured the

398  contrasts between every pair of points (40) measured on each specimen; second, we
399 calculated the centroid for the chromatic and the achromatic dimension; third, we

400 measured the distance from each point to the centroid for the chromatic and

401  achromatic measures of contrast and we averaged these measurements to have a mean
402  value of the distribution of the contrasts in the chromatic and achromatic dimension of
403  colors (Fig S2). We called these measurements achromatic (dL) and chromatic (dS)
404  diversity of plumage.

405

406  Song measurements
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407  We used data on song length, syllable variety and vocal performance from a previous
408  study*' as measurements of song elaboration in New World warblers'". We also used
409  existing data on bill size*' and body size* to study the evolution of morphological
410  traits, compared to the evolution of communication traits.

411

412 As songs increase in either frequency bandwidth or trill rate, the demands of vocal
413  performance increase. Vocal deviation (i.e., the orthogonal distance from the upper-
414  bound regression line between frequency bandwidth and pace of each trill) is strongly
415  related to the energetic demands of vocal performance**. Songs far below the

416  regression line (i.e. those with higher values of vocal deviation) are assumed to be less
417  vocally demanding than those closer to the regression line*; thus, we interpret lower
418  values of vocal deviation to reflect greater investment in song production.

419

420  Vegetation structure

421  Vegetation structure was scored using habitat descriptions® and in accordance with
422  previous work*', as follows: 1 — open, 2 — semiclosed with low vegetation, 3 —

423  semiclosed with high vegetation and 4 — closed. Intermediate scores were used when
424  species used more than one habitat type.

425

426  Analyses

427  To evaluate the transfer hypothesis and the effect of the vegetation density on how
428  transferences are resolved, we used a generalized least square model for comparative
429  phylogenetics (PGLS) implemented in the package caper*’. We run PGLS setting
430  contrast to background, chromatic (dS) and achromatic (dL) diversity of plumage as

431 response variables including different set of predictors. First, to test for transfer
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432  effects we run models independently with syllable variety, vocal deviation and song
433 length as predictors. Then, to test the effect of habitat on the relationship between
434  visual and acoustical signals, we added vegetation structure as another predictor in the
435  models.

436

437  To examine patterns of evolutionary differentiation in vocal performance and color
438  conspicuousness among lineages of New World warblers, we constructed disparity-
439  through-time (DTT) plots™. DTT plots allow one to examine the accumulation in trait
440  disparity over evolutionary time in a clade by estimating the dispersion of points in
441  multivariate space across time intervals in a phylogeny. This method calculates

442  dissimilarity as the mean square (pair-wise) Manhattan distance among points in trait-
443  space for subclades relative to the variance of the entire clade. Disparity is calculated
444  for individual nodes by moving up the phylogeny from the root of the tree. Relative
445  disparity values close to 0.0 indicate that subclades contain only a small proportion of
446 the total variation and therefore overlap in occupation of phenotypic space is minimal
447  between the different subclades; conversely, relative disparity values close to 1.0

448  indicate extensive phenotypic overlap™. For all the comparative analyses mentioned
449  above, we used a molecular phylogeny of New World warblers based on several

450  mitochondrial and nuclear gene sequences™.

451

452

453 36. Doucet, S. M. & Hill, G. E. Do museum specimens accurately represent wild
454 birds? A case study of carotenoid, melanin, and structural colours in long-tailed

455 manakins Chiroxiphia linearis. J. Avian Biol. 40, 146—156 (2009).
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476

477

478  Figure S1. Two photographs of the Tropical Kingbird (Tyrannus melancholichus) as
479  an example of how dorsal colors match the background color while the ventral color
480 1is conspicuous relative to the background. We assume background color matching by
481  the dorsal parts as shown in this bird also occurs in the New World warblers.
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Figure S2. Variation in achromatic and chromatic diversity of colors among selected

species of warblers. Each point is a comparison between the discrimination thresholds

or ‘just noticeable differences’ (JND) between two reflectance measures. Values in

the 1-3 range indicate that two objects are likely to be indistinguishable to an avian

observer, whereas values >3 are increasingly likely to lead to detection and

discrimination. Notice the distribution of points in Mniotilta varia and Parkesia

noveboracensis, which exhibit wide variation in the achromatic axis relative to low

variation in the chromatic axis. In contrast, Cardellina rubrifrons and Basileuterus

belli exhibit ample variation along both achromatic and chromatic axes.
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