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Abstract 
Divergent natural selection should lead to adaptive radiation—that is, the rapid evolution of phenotypic and ecological diversity originating from a 
single clade. The drivers of adaptive radiation have often been conceptualized through the concept of “adaptive landscapes,” yet formal empirical 
estimates of adaptive landscapes for natural adaptive radiations have proven elusive. Here, we use a 17-year dataset of Darwin’s ground finches 
(Geospiza spp.) at an intensively studied site on Santa Cruz (Galápagos) to estimate individual apparent lifespan in relation to beak traits. We 
use these estimates to model a multi-species fitness landscape, which we also convert to a formal adaptive landscape. We then assess the 
correspondence between estimated fitness peaks and observed phenotypes for each of five phenotypic modes (G. fuliginosa, G. fortis [small 
and large morphotypes], G. magnirostris, and G. scandens). The fitness and adaptive landscapes show 5 and 4 peaks, respectively, and, as 
expected, the adaptive landscape was smoother than the fitness landscape. Each of the five phenotypic modes appeared reasonably close to 
the corresponding fitness peak, yet interesting deviations were also documented and examined. By estimating adaptive landscapes in an ongo-
ing adaptive radiation, our study demonstrates their utility as a quantitative tool for exploring and predicting adaptive radiation.
Keywords: Darwin’s finches, adaptive landscapes, speciation, adaptive radiation, Galápagos Santa Cruz, ecological theory, 

Introduction
The concept of adaptive landscapes has been conceptually 
compelling yet empirically elusive. The phenotypic version 
of these landscapes (as opposed to their genetic counterpart 
developed by Wright [1932]) depicts multivariate relation-
ships between mean population fitness and mean pheno-
type, which then—in conjunction with additive genetic (co)
variances—can predict the progress and outcome of adap-
tive radiations (Arnold et al., 2001; Hendry, 2017; Lande, 
1976; Schluter, 2000; Simpson, 1944). Adaptive landscapes 

are generally expected to be “rugged”—with multiple peaks 
of high fitness separated by valleys of lower fitness (Schluter, 
2000). Adaptive radiation is often fueled by ecological specia-
tion, which occurs when divergent natural selection splits an 
ancestral species occupying one fitness peak into new popula-
tions that bridge fitness valleys and occupy new fitness peaks 
(Hendry, 2017; Nosil, 2012; Schluter, 2000). Partly as a con-
sequence of this adaptive divergence, reproductive isolation 
then evolves among the descendent populations (Schluter, 
2000). This process then repeats to generate a larger adaptive 
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radiation composed of multiple reproductively isolated spe-
cies each occupying a different fitness peak on the adaptive 
landscape (Nosil, 2012; Schluter, 2000).

It has proven difficult to characterize adaptive landscapes 
in wild populations, and we therefore have a limited under-
standing of the fitness peaks and valleys expected to shape 
adaptive radiation (Fear & Price, 1998; Gavrilets, 2004; 
Svensson & Calsbeek, 2012a). In principle, data are required 
on individual fitnesses for the full range of phenotypes char-
acterizing the existing species—as well as any phenotypic 
“gaps” between them that might not be occupied by existing 
phenotypes. The resulting individual “fitness landscape” then 
needs to be converted to a formal “adaptive landscape” by 
calculating mean fitness across an expected distribution of 
phenotypes for populations (conceptually) centered at every 
possible location on the individual fitness landscape (Arnold 
et al., 2001; Schluter, 2000). The conversion between these 
two landscape types is needed because theory has shown 
that the evolution of mean phenotypes should proceed in the 
direction of the steepest increase in the population mean fit-
ness, with an attendant bias dictated by the structure of the 
genetic covariance matrix (Fear & Price, 1998; Lande, 1979). 
Therefore, to predict the dynamics of adaptive radiation, it 
is necessary to describe not just the individual fitness land-
scape but also the surface of mean phenotypes and mean 
fitness: that is, the adaptive landscape. Accomplishing these 
tasks is such a tall order that a formal adaptive landscape has 
never been estimated for an adaptive radiation in its natural 
environment.

Lacking formal estimates of adaptive landscapes, several 
proxies have been developed (Hendry, 2017; Schluter, 2000). 
For instance, estimates of phenotypic selection in natural pop-
ulations can be used—with numerous assumptions—to infer 
the location of fitness peaks and curvature of the adaptive 
landscape in the vicinity of existing phenotypes (Beausoleil et 
al., 2019; Estes & Arnold, 2007; Smith, 1993). Furthermore, 
expected fitness for phenotypes in the gaps between existing 
populations can be inferred by generating “missing” pheno-
types through simulated morphologies (McGhee, 2006; Raup, 
1967; Tseng, 2013), phenotypic manipulations (Sinervo et 
al., 1992), hybridization (Arnegard et al., 2014; Martin & 
Wainwright, 2013), or reciprocal transplants (Nagy, 1997; 
Nagy & Rice, 1997). Finally, performance-based expec-
tations can be used to translate resource distributions into 
expected fitness functions across the range of phenotypes 
(Schluter & Grant, 1984; Benkman, 2003; see Stayton, 2019 
and Holzman et al., 2022 for performance surfaces). Studies 
using these proxies for adaptive landscapes have supported 
some expectations laid out in the ecological theory of adap-
tive radiation. In particular, the phenotypic distributions of at 
least some species pairs are centered on different fitness peaks 
and separated by fitness valleys that arise from different envi-
ronments defined by resources, predators, parasites, or com-
petitors (reviews: Hendry, 2017; Schluter, 2000).

Although studies using the above proxies have inferred 
rugged genotype or phenotype fitness landscapes (Martin & 
Gould, 2020; Pfaender et al., 2016; Schemske & Bradshaw, 
1999), several uncertainties continue to surround the concept, 
interpretation, and application of adaptive landscapes, and 
even the individual fitness landscapes that underpin them. 
First, key aspects of many fitness landscape estimates might 
be unrealistic because they were (a) generated in controlled 
experimental settings (Arnegard et al., 2014; Benkman, 2003; 

Martin & Gould, 2020; Martin & Wainwright, 2013); (b) 
estimated at one location and then projected to other loca-
tions (Schluter & Grant, 1984); or (c) based on only one 
species with multiple morphotypes, such as Red Crossbills 
(Loxia curvirostra; Benkman, 1993, 2003) or Black-bellied 
Seedcrackers (Pyrenestes ostrinus; Smith, 1990; Smith & 
Girman, 2000). Second, fitness landscapes are rarely esti-
mated over more than a single time frame (e.g., one season or 
one year) at any particular location, even though selection is 
expected to vary through time in accordance with changing 
conditions (Beausoleil et al., 2019; Schluter, 2000; Siepielski 
et al., 2009). As a result, we still have only a rudimentary 
understanding not only of adaptive landscapes but also their 
underlying individual fitness landscapes—especially for mul-
tiple species within natural adaptive radiations over multiple 
years (but see Martin & Gould, 2020). Thus, our main goal in 
the present study is to estimate the fitness landscape thought 
to underlie the adaptive landscape for Darwin’s ground finch 
species (Geospiza spp.) at a single location over nearly two 
decades (2003–2020). We then use the estimated fitness 
landscape to consider theoretical expectations and previous 
empirical assertions regarding the topology of fitness and 
adaptive landscapes.

Study system
Darwin’s finches started to radiate on the Galápagos about 
1.5 million years ago (Lamichhaney et al., 2015, 2016; 
Petren et al., 2005); however, radiation of the ground finch 
(Geospiza) group was more rapid and recent, perhaps starting 
between 100,000 and 400,000 years ago (Lamichhaney et al., 
2015). The primary phenotypic driver of this radiation at all 
phylogenetic levels is thought to be variation in beak (and 
body) size and shape (Bowman, 1961; Grant, 1999; Lack, 
1947). In particular, beak dimensions are highly heritable 
(Boag, 1983), are influenced by large effect genes (Chaves et 
al., 2016; Lamichhaney et al., 2016), are linked to resource 
consumption (De León et al., 2014; Schluter & Grant, 1984), 
contribute to assortative mating (Huber et al., 2007; Podos, 
2010; Ratcliffe & Grant, 1983), and show extensive varia-
tion linked to individual fitness (Beausoleil et al., 2019; Grant 
& Grant, 1995; Hendry et al., 2009). Other traits are surely 
also involved in the radiation, but work to date suggests that 
changes in beak dimensions have played a primary role.

Here, we focus on an intensively studied ground finch 
community at the relatively undisturbed location of El 
Garrapatero, Santa Cruz island, Galápagos. The four spe-
cies of ground finch at this site—and at nearby sites on Santa 
Cruz—generally manifest five phenotypic modes (Beausoleil et 
al., 2019; Ford et al., 1973; Foster et al., 2008; Hendry et al., 
2006; Lack, 1947; Supplementary Figure S1). First, the cactus 
finch (Geospiza scandens) has a long and pointy beak that 
it uses for consuming the nectar, pollen, and seeds of cactus 
plants in the genus Opuntia (Grant, 1999). Second, the small 
ground finch (Geospiza fuliginosa) has a small and blunt (i.e., 
not elongated like G. scandens) beak that it uses for crack-
ing small seeds of a diversity of plant species (De León et al., 
2014). Third, the large ground finch (Geospiza magnirostris) 
has a large and blunt beak that it often uses for cracking large 
and hard seeds of a few key plant species (Carvajal-Endara et 
al., 2019; De León et al., 2014). Fourth, the medium ground 
finch (Geospiza fortis) manifests two beak size modes (small 
and large “morphs”) that fill out the distribution between G. 
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fuliginosa and G. magnirostris (Beausoleil et al., 2019; De 
León et al., 2014; Foster et al., 2008; Hendry et al., 2006). 
These two morphs appear to partition the middle of the seed 
size and hardness distribution along the same diet and perfor-
mance axis that separates them from their smaller and larger 
congeners (De León et al., 2010, 2011). The evolutionary ori-
gin of these two morphs is uncertain, but hybridization with 
G. magnirostris is probably involved (Chaves et al., 2016).

Our intensive work on the ground finch community at this 
location affords a rare opportunity to estimate fitness land-
scapes in a natural system. Specifically, although five peaks 
are evident in the beak size and shape distribution, the pres-
ence of birds with intermediate beaks produces a continuum 
of phenotypes, allowing us to infer a fitness landscape across 
nearly the entire range of trait variation. Furthermore, our 
17-year (2003–2020) mark-recapture dataset allows us to 
integrate viability selection and inferences about lifespans 
across a wide range of environmental conditions, from very 
wet El Niño years to very dry La Niña years (Beausoleil et al., 
2019; Supplementary Figure S2).

Our goals
Using our long-term data set of the five phenotypic modes 
across four species of Darwin’s ground finches at El 
Garrapatero, we examine (a) features of the fitness landscape, 
and (b) correspondence between those features and the phe-
notypic distribution.

Features of the fitness landscape
The basic dynamic underlying adaptive divergence is that dif-
ferent environments select for different combinations of trait 
values best suited for those environments (Darwin, 1859; 
Lack, 1947; Simpson, 1944). Hence, the fitness landscape for 
finch beak traits is expected to have peaks separated by val-
leys or surrounded by “moats” (Schluter, 2000). That is, the 
fitness landscape should not be flat, nor should it be a simple 
plane or saddle that lacks defined peaks. Furthermore, the 
fitness landscapes underlying adaptive radiations should be 
“rugged,” with multiple fitness peaks at different combina-
tions of trait values (Schluter, 2000). What remains uncertain, 
however, is just how many peaks are available to a given adap-
tive radiation (Hendry, 2017; Nosil, 2012; Schluter, 2000). 
The typical expectation might be that as many peaks exist as 
do species (more about this below), yet it is also possible for 
multiple species to evolve on a single fitness “ridge” (Schluter, 
2000). We here test the classic expectation by modeling a fit-
ness landscape across the entire range of data and species.

Correspondence between fitness and phenotypes
Adaptation is expected to drive the evolution of populations 
and species such that their phenotypes become localized near 
peaks on the fitness landscape (Arnold et al., 2001; Schluter, 
2000; Schluter & Nychka, 1994). However, how many peaks 
are “occupied” by species (see the above expectation), and 
how close those species’ phenotypes are to the peaks, is 
typically uncertain (Estes & Arnold, 2007; Hendry, 2017; 
Schluter, 2000). With regard to the second uncertainty, it has 
been variously argued that phenotypic distributions should 
closely match fitness landscapes (Estes & Arnold, 2007; 
Schluter, 2000) or that various constraints (e.g., gene flow, 
genetic correlations, environmental change) cause substantial 
maladaptation such that mean phenotypes will often be “far” 

from fitness peaks (reviews: Brady et al., 2019a, 2019b). We 
here address these uncertainties by estimating various mea-
sures of the distance between phenotypic modes and different 
peaks on the fitness landscape.

Our previous work on natural selection in this study system 
sets the stage for the present expanded effort. First, Hendry 
et al. (2009) showed that, in drought years (2004–2006), 
viability selection disfavored individuals between the two G. 
fortis beak size modes (i.e., they recorded disruptive selec-
tion between the modes). This viability selection also disfa-
vored the largest and smallest individuals of that species, thus 
suggesting stabilizing selection around each beak size mode 
within this species. Second, Beausoleil et al. (2019) analyzed 
additional years of data and showed that disruptive selection 
between the G. fortis beak size modes varied through time in 
a manner that was partly predictable based on the amount 
of rainfall in the preceding year. Both of those studies took a 
single-species approach to the fitness landscape, thus limiting 
inferences about adaptive radiation of the ground finch com-
munity as a whole. Here, we use an even longer time series 
and a multi-species approach to estimate the fitness landscape 
and thus inform our understanding of the process of adaptive 
radiation.

Methods
Long-term data
From 2003 to 2020, we used mist nets to capture ground 
finches at El Garrapatero (Santa Cruz, Galápagos, Ecuador; 
0°41ʹ22.9ʹʹ S, 90°13ʹ19.7ʹʹ W; Supplementary Figure S3A). 
The specific net locations were chosen for accessibility; that 
is, they were situated in relatively open areas within a larger 
0.43 km2 study site (Supplementary Figure S3B). Sampling 
took place in the typical finch breeding season (January–
April), with year-to-year variation in the dates and duration 
of sampling (Supplementary Figure S4; Supplementary Table 
SI) that reflected logistical constraints. In most years, effort 
was directed at ensuring that all ground finch species were a 
part of the study; however, in the earliest years (2003–2009), 
effort was primarily focused on G. fortis. Hence, the rel-
ative numbers of captured birds of the different species do 
not necessarily reflect variation in natural patterns of relative 
abundance.

Captured finches were fitted with individually numbered 
aluminum or Monel metal leg bands. Each bird was then 
measured for beak length, depth, and width (the classic mea-
surements used to infer variation in this radiation; Grant, 
1999)—always with calipers having a precision of 0.01 mm 
(further details appear in De León et al., 2012). In many cases, 
each measurement was taken three times, and the median 
value was used for subsequent analyses—thus reducing mea-
surement error. The mean repeatability (intra-class correla-
tion coefficient) of beak trait measurements (length, depth, 
and width) based on the same birds captured at different 
times was 0.92. Repeatability was calculated from birds with 
three measurements by the same observer using a random 
effect of bird band number in the rptR package (Stoffel & 
Nakagawa & Schielzeth, 2017; version 0.9.22). Only indi-
viduals for which we obtained all three beak measurements 
(length, depth, and width) were retained for subsequent anal-
yses (n = 3,428; Supplementary Table SII).

The four recognized species (G. fuliginosa, G. fortis, G. 
magnirostris, and G. scandens) were identified based on 
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classic visual assessment (Grant, 1999), which we have con-
firmed to be very reliable (Foster et al., 2008). To further 
assign birds of the medium ground finch (G. fortis) to one 
of the two “morphs” or “modes” (Hendry et al., 2006), we 
used an expectation–maximization algorithm model from 
the mixtools R package based on the first principal compo-
nent (beak size) calculated from the three beak traits of all 
species (Benaglia et al., 2009; version 1.2.0; see Beausoleil 
et al., 2019). Note, however, that the phenotypic distribu-
tion is continuous, and so birds in the valley between the 
two modes could not be reliably assigned to one or the other 
“morph.” Furthermore, although the distributions for small 
G. fortis versus G. fuliginosa are relatively discrete (i.e., a 
small gap exists between them; Supplementary Figure S1; 
Supplementary Figure S5), the distribution for large G. for-
tis grades continuously into G. magnirostris, again indicat-
ing that intermediate birds could not be reliably assigned to 
one or the other species. However, these ambiguities do not 
impact our analyses as we are considering the entire pheno-
typic distribution across all species.

Converting capture history into a fitness metric
We estimated the individual fitness for each bird from its 
capture history. One approach here could have been a year-
by-year survival estimate—as indeed we have employed in 
previous work that focused on the species (G. fortis) over 
a subset of the years (2003–2011) that had by far the larg-
est sample sizes (Beausoleil et al., 2019). Here, however, we 
needed the best possible survival-based fitness surrogate 
across all species, some of which had low sample sizes in 
any given year. Thus, to achieve our community-wide fit-
ness landscape, we here instead used the “apparent lifespan” 
of a bird as the best obtainable surrogate for fitness; and, 
indeed, lifespan is known to be a major determinant of fit-
ness variation in Geospiza (Grant & Grant, 2000, 2011). 
We estimated apparent lifespan as the last year a bird was 
captured minus the first year that bird was captured. Only 
captures of adult birds were included; 28 individuals were 
first caught as juveniles, but later became adults and were 
then analyzed as adults. This apparent lifespan estimate is 
thus a minimum (when rounded to the number of years) of 
the true lifespan of a bird; that is, most birds would have 
been alive for at least one year before their first capture and 
would continue living for an unknown period of time after 
their last capture. Note that our fitness surrogate thus does 
not discriminate between mortality and emigration but, for-
tunately, both processes are functionally equivalent at the 
level of the population: that is, both represent the loss of 
individuals from the local area. We focused our fitness land-
scape estimates on two traits: beak length and beak depth. 
The reasons were twofold. First, we could retain the orig-
inal trait values in the analysis, which allows representa-
tion of the fitness landscape using raw trait values that also 
correspond to published estimates of additive genetic (co)
variances (See section “Prospective Selection” below; Boag, 
1983). Second, these two traits have been identified as key 
targets of selection in finches (Boag & Grant, 1984; Price 
et al., 1984; Schluter, 2000). Beak width was not analyzed 
because the Pearson correlation between beak depth and 
beak width was very high (r = .97, p < .001). By contrast, 
the correlation between beak length and depth was much 
lower (Pearson correlation r = .74, p < .01)—and therefore 
both traits (and their combination) were informative.

We note, however, that many papers analyze all three traits 
based on their re-orientation into two primary principal com-
ponent analysis (PCA) axes. Indeed, many of our previous 
papers on this system have taken that approach (Beausoleil 
et al., 2019; Chaves et al., 2016; Hendry et al., 2006, 2009). 
Therefore, as a supplement, we also estimated the fitness 
landscape for the two first principal components describing 
beak size and shape (respectively) based on the combination 
of beak length, depth, and width. We used the vegan package 
(Oksanen et al., 2022; version 2.6-4) to calculate the princi-
pal components on the three beak dimensions across all birds 
included in the analysis. The thin plate spline generalized 
additive models (GAM) generated the fitness landscape (f(z)), 
with apparent lifespan against beak size (PC1) and beak shape 
(PC2) as previously described in the main text except for the 
thin plate regression spline, which had 4 and 19 dimensions 
for the bases (k) of the smooth function and the interaction 
smooth function, respectively.

Fitness landscape model
We decided to estimate a single fitness landscape that inte-
grates information from all birds across all years—as opposed 
to year-specific or climate-specific surfaces. The reasons were 
threefold. First, evolutionary differences on the relevant scale 
of inference (i.e., the distribution of beak traits in a com-
munity of finches) is a function of the long-term “average” 
surface, as opposed to year-specific surfaces. Second, by lever-
aging all of our data into a single fitness landscape estimate, 
we hoped to obtain a comprehensive long-term “best” esti-
mate of the surface—as opposed to less precise year-specific 
estimates. Finally, our fitness measure is an estimate of lifes-
pan, which necessarily spans multiple years for many birds, 
and so cannot be parsed into subsets of those years. For 
year-specific estimates based on annual survival for part of 
this fitness landscape (G. fortis for the years 2004–2011), we 
refer the reader to Beausoleil et al. (2019).

To generate the single integrated fitness landscape (f(z)), 
we plotted apparent lifespan (W, expected fitness, estimated 
as above) against individual beak length and beak depth (z). 
We started with a model-free estimate by calculating the nat-
ural-logarithm of mean fitness by mean phenotype in phe-
notypic “windows” (bins) of 0.14 mm (Figure 1A). Binning 
of individual fitness values smooths the landscape from the 
raw data and makes it possible to diagnose some key fea-
tures. Second, we used the individual fitness estimates and 
beak traits in thin plate spline GAM with a Poisson response 
variable, applying the smooth function s as an interaction 
between traits and the gam function in the mgcv package 
(version 1.8-39; R Core Team, 2023; Wood, 2003; Wood 
et al., 2013, 2016). Note that GAMs are a modern flexible 
approach to studying complex fitness landscapes (Martin & 
Gould, 2020; Patton et al., 2022) that have largely replaced 
the formerly favored projection pursuit regressions (Schluter 
& Nychka, 1994; Supplementary Figure S6), with the latter 
technique also being more focused on dimension reduction 
which was not necessary here given our focus on only two 
traits. The curvature of the function was estimated using 
smoothing parameters determined by restricted maximum 
likelihood, with an extra term to allow a penalty of 0 (remov-
ing this option did not change the results; Supplementary 
Figure S7) in a thin plate regression spline with 4 and 27 
dimensions for the bases (k) of the smooth function and the 
interaction smooth function, respectively.
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Figure 1. Fitness and adaptive landscape of Geospiza spp. at El Garrapatero (Santa Cruz Island). (A) fitness Ln-transformed mean for bins of phenotypes 
without model by increments of 0.14 mm. The ellipses are 95% multivariate t-distributions based on the individual beak phenotypes of each species. 
(B) Individual-based fitness landscape from the spline model. Note that there are more contour lines compared to the legend to show the peaks more 
clearly. (C) the adaptive landscape is obtained by “moving” a simulated population for each phenotypic mean and mean predicted fitness. The fitness 
landscape spline model predicted the fitness values of the simulated population to generate the adaptive landscape (Schluter, 2000). The color scale 
is scaled to be comparable between the figures. The triangles are the local fitness peak maximum and the large points are the population phenotypic 
means for the various modes of ground finches (smaller transparent points are the data for each bird). Distances between fitness peaks (triangles) and 
population means (larger points) were calculated using Euclidean distances. The standard error of the fitness landscape can be found in Supplementary 
Figure S9.
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To then examine the correspondence between the fitness 
landscape peaks and the five phenotypic modes, we developed 
a function to locate the fitness peaks, which then could be 
compared to the finch modes as mean trait values. Specifically, 
we calculated phenotypic Euclidean distances between the fit-
ness peak and the phenotypic mean of each mode, as well as 
the angle of each Euclidean distance vector counterclockwise 
from the positive side of the x-axis, representing beak length. 
These Euclidean distances represent the shortest distances in 
two-dimensional phenotypic space between the fitness peaks 
and the phenotypic means.

Adaptive landscape estimate
Adaptive landscape estimation requires the conversion of an 
individual fitness landscape (as above) to a landscape of mean 
fitnesses 

(
W̄

)
 for a population with a given phenotypic mean 

(z̄) and variance (Fear & Price, 1998; Schluter, 2000). To 
make this conversion, we simulated—across the entire phe-
notypic range—a hypothetical population with a bivariate 
normal distribution with a mean (standard deviation) beak 
length and beak depth across species of 12.42 mm (0.67 mm) 
and 11.02 mm (0.69 mm), respectively and a correlation of 
r = .39 (mean coefficients of variation [standard deviation 
divided by mean] of 5.4% and 6.2% for beak length and beak 
depth). We used rnorm_multi function from the faux pack-
age (DeBruine, 2021; version 1.2.0; note that when we used 
the phenotypic distribution of the small morphotype of G. 
fortis, it did not significantly change the adaptive landscape 
compared to the one with simulated data, see Supplementary 
Figure S8). We generated a 90 × 90 point-grid (the distance 
between each point of the grid was 0.13 mm (beak length) 
and 0.17 mm (beak depth)) covering the phenotypic space 
of each trait. We then centered the hypothetical population 
at the mean of the two phenotypic distributions (z̄) on each 
point on the grid (Schluter, 2000). Finally, we calculated the 
mean fitness values 

(
W̄

)
 based on their expected fitness f(z) 

from the fitness landscape (spline model) on the transformed 
(link) scale for each point on the grid (see Animation S1).

Prospective selection
An evolutionarily informed estimate of the distance between 
population phenotypes and adaptive peaks can be calculated 
as the amount of selection that would be required to complete 
an adaptive shift to that peak. We performed this calculation 
using the multivariate equation of evolutionary phenotypic 
change, where the vector of changes in mean trait values 
(∆ z̄) is a product of the additive genetic variance-covariance 
matrix (G) for those traits and the vector of selection gradients 
(β) acting on those traits. That is, ∆ z̄ = Gβ (Lande, 1979; 
Schluter, 1984, 2000). Rearranging this equation for species 
in an existing adaptive radiation gives what Schluter (1984) 
called “retrospective selection” 

(
∆ β = G−1z̄b −G−1z̄a

)
, 

where the subscripts “b” and “a” represent the phenotypic 
values of different populations. Using this approach, Schluter 
(1984, 2000) estimated the amount of selection that would 
have been required in the past (hence “retrospective”) to gen-
erate the phenotypic differences that currently exist among 
species in the finch radiation.

In our case, we used the approach to estimate the amount 
of selection that would be required for each phenotypic mode 
to reach its nearest adaptive peak (hence “prospective” which 
we note as βP). In our cases, ∆ z̄ was the distance between 
the bivariate trait mean of each of the five phenotypic modes 

and the nearest bivariate phenotypic optimum on the indi-
vidual fitness landscape. For G, we used the genetic variances 
and covariances for G. fortis estimated in Boag (1983)—the 
same values used by Schluter (1984, 2000). The resulting G-
transformed beak trait differences in Euclidean space repre-
sent the net selection gradients that would be needed to bridge 
the distances between the current phenotypic means and their 
nearest fitness peaks on the individual fitness landscape. Note 
that this approach is simply a way of providing a genetic con-
text for phenotypic distances and is not intended to estimate 
the actual selection that would occur during such evolution. 
In particular, the approach requires a number of restrictive 
assumptions, including constancy of the G matrix, that all 
relevant correlated traits are included, and that the difference 
in population means is genetically based. The code for the 
analyses is available at the Borealis dataverse (Beausoleil et 
al., 2023) and on GitHub https://github.com/beausoleilmo/
adaptive.landscapes.finches.

Results
Of the 3,428 individuals analyzed in our study, 3,038 
(88.6%) were captured only once, whereas 390 birds were 
captured across multiple years (fitness > 0). Minimum lifes-
pans of these birds ranged from 1 to 12 years (Supplementary 
Table SII). The species with the highest proportion of recap-
tured individuals in the dataset was of the small morpho-
type of G. fortis (40.4%), whereas the lowest proportion 
of individuals were G. magnirostris (1.5%; Supplementary 
Table SII).

The GAM-estimated individual-based fitness landscape 
is shown in Figure 1B, and its standard error is shown in 
Supplementary Figure S9. To select the appropriate topol-
ogy for this landscape, we designed a model including a 
smoothing term for each trait and an interaction between the 
two traits. We started with the smallest dimension parame-
ter (k, an arbitrary number chosen by the user to reflect the 
non-linearity in the data; it defines the number of basis func-
tions used to calculate the smooth line in GAMs) for each 
smoothed function of the traits and incrementally increased 
this parameter until the model showed the simplest peaked 
landscape. We compared this model to a model without the 
interaction and to another model with only the intercept. 
The significant smoothing term in the model was the inter-
action between beak length and beak depth (p<<.01; 20.27 
effective degrees of freedom; Supplementary Table SIII). That 
is, the smoothed model was much better supported than a 
similar model including only the intercept (the difference in 
AIC between the intercept model without smoothing and the 
smoothed model was ∆AIC = 192.04, where a lower AIC 
(for the smoothed model) indicates a better-fit model; likeli-
hood ratio tests with p<<.01, difference in deviance = 238.65; 
Supplementary Table SIV). Therefore, the rest of the analy-
ses used the model with the main effects and the interaction 
between the two beak traits.

Features of the fitness landscape
The individual fitness landscape estimated for beak length 
and depth revealed five peaks, each separated from adja-
cent fitness peaks by fitness valleys (Figure 1B). In a num-
ber of cases, those valleys were deep. Consider, for instance, 
the fitness peak nearest to G. scandens. In a straight line 
(in Euclidean phenotypic space) from that peak to each of 
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the other peaks (Figure 2A; Supplementary Table SV), fit-
ness declined by 84.08% (minimum fitness toward the peak 
nearest G. magnirostris relative to the maximum fitness of 
G. scandens), 86.58% (toward the peak nearest the large 
morph of G. fortis), 47.74% (toward the peak nearest the 
small morph of G. fortis), and 71.13% (toward the peak 
nearest G. fuliginosa). The fitness valley was also especially 
deep between the two peaks nearest the G. fortis beak size 
morphs: wherein fitness declined by 60.64% moving from 
small G. fortis toward large G. fortis, and by 48.48% mov-
ing in the other direction. By contrast, the fitness valley was 
shallow—indeed, almost absent (17.04%)—between the 
peak nearest G. fuliginosa and the peak nearest the small 
morph of G. fortis.

The basic “rugged” property of this individual fitness 
landscape was conserved in an alternative representation 
based on principal components of beak “size” and “shape” 
(Supplementary Figure S10). In this supplementary analysis, 
PC1 can be interpreted as beak size (loadings in absolute val-
ues for beak length = 7.3, depth = 9.0, width = 6.9 and vari-
ance explained by the first axis being 88.3%), with greater 
values indicating larger beaks; and PC2 can be interpreted 
as beak shape (loadings in absolute values for beak length = 
4.0, depth = 2.2, width = 1.4 and variance explained being 
10.9%), with greater values indicating pointier beaks. Using 
these PCA scores, a fitness landscape with three major peaks 
was apparent (Supplementary Figure S10). Finally, when con-
verting the focal fitness landscape for beak length and depth 
(based on individual phenotypes and fitnesses: Figure 1B) to 
an adaptive landscape (based on simulated population mean 
phenotypes and predicted fitnesses), many of the same peaks 
remained evident, although relative differences between peak 
heights and valley depths were much reduced—as expected 
from such conversions (Schluter, 2000). In short, all analy-
ses support the expectation that fitness landscapes—and the 
adaptive landscapes they underpin—are characterized by 
multiple fitness peaks separated by fitness valleys of varying 
depth.

Correspondence between fitness and phenotypes
Mean trait values for the five phenotypic modes (i.e., the four 
species in which G. fortis separates in two distinct morphs) 
were situated reasonably close to their corresponding fitness 
peaks. For instance, the mean Euclidean distance between 
bivariate (beak length and depth) means (for the five modes) 
and their nearest peaks on the fitness landscape was 0.90 
mm (range 0.64–1.62 mm; Figure 1; Table 1). By compari-
son, Euclidean distances among the various species pheno-
typic means averaged 5.69 mm (n = 10, range 2.94–10.94 
mm; Supplementary Table SVI). Thus, the shortest distances 
among phenotypic modes exceeded the largest distances 
between each mode and their nearest fitness peaks.

Analyses of “prospective selection” (βP) that adjust pheno-
typic distances for the genetic (co)variances of traits yielded 
similar—but further nuanced—conclusions (Figure 3). For 
instance, βP values for the distance between the five modes 
and their nearest fitness peaks averaged 1.59 (range 0.50–
3.50; Table 1). By contrast, βP values for the distance between 
means of the five modes averaged 3.27 (range 0.37–7.47; 
Supplementary Table SVI). In summary, each phenotypic 
mode was closer to its nearest peak than it was to the other 
phenotypic modes, but the differences in this comparison 
were diminished as we accounted for genetic correlations 
(Figure 3). We also found that the phenotypic modes were at a 
lower fitness on the fitness landscape compared to the closest 
peak (Figure 1; Supplementary Table SVII).

Although fitness estimates required use of the entire data 
set across all years (see Methods), phenotypic means could be 
estimated for each year, thus allowing us to consider whether 
the above inferences about phenotype-to-fitness correspon-
dence showed noticeable temporal variation. We find that 
trait mean values for each of the five modes were reasonably 
similar across years—such that year-specific estimates were 
always oriented (in phenotypic space) in a similar direc-
tion and to a similar distance from the nearest fitness peak  
(Figure 4). Variation across years was highest for G. magniros-
tris, presumably due—at least in part—to its small sample size.
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Figure 2. Fitness landscape with lines (in green) connecting the fitness peaks of (panel A) all Geospiza spp. and (panel B) from fitness peak-mean 
phenotypes of each species. The down-pointing purple triangle represents the minimum on that line. Note that the minimum fitness in panel B is 
at the phenotypic mean for each species (the triangle overlaps the point for a population phenotypic mean). Values in panels A and B are found in 
Supplementary Tables SV and SVII, respectively.

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/article/77/12/2533/7261081 by guest on 17 D

ecem
ber 2023

http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad160#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad160#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad160#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad160#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad160#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad160#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad160#supplementary-data


2540 Beausoleil et al.

Discussion
Features of the fitness landscape
As expected from the ecological theory of adaptive radiation 
(Nosil, 2012; Schluter, 2000), the individual fitness landscape 
that we estimated for a community of ground finches showed 
a number of distinct peaks separated by fitness valleys. 
Depending on how the traits were represented, the number of 
estimated peaks varied from five (beak length vs. beak depth; 
Figure 1) to three (PC1 vs. PC2; Supplementary Figure S10). 
For the rest of this discussion, we focus on the five-peaked 
landscape because selection presumably acts more directly on 
the original traits (beak length and depth) than on statisti-
cally generated linear combinations of traits (PCs). However, 
we acknowledge that some of the more detailed inferences 
that follow are sensitive to the ways in which traits are rep-
resented. The general inferences, however, are robust to such 
variation. When reading the following, bear in mind that the 
inferences we present do not depend on which modes are 
considered to be separate “species” (we use the traditional 
designations), nor the specific manner in which those modes 
originated (e.g., via fission from a single ancestral source or 
fusion via hybridization between ancestral sources).

We also converted the above fitness landscape estimated 
for individual traits and fitnesses to an adaptive landscape 
for mean traits and fitnesses (Figure 1). Again, as expected 
from theory (Arnold et al., 2001; Schluter, 2000), the adaptive 
landscape was smoother than its underlying fitness landscape. 
The reason is that adaptive landscapes average individual fit-
nesses across a range of phenotypes—and so, relative to the 
fitness landscape, the peaks sink (because they include lower 
fitness values from either side of the peak) and the valleys rise 
(because they include higher fitness values from either side of 
the valley). This smoothing of the adaptive landscape tends to 
obscure some features of the fitness landscape, and is perhaps 
why previous analyses of adaptive radiations in vertebrates 
have not converted fitness landscapes to adaptive landscapes 
(Benkman, 1993; Smith, 1993; but see Schluter, 2000) or 
have instead generated resource-based adaptive landscapes 
(Schluter, 1984). In our case, the conversion of the individual 
fitness landscape to the adaptive landscape eliminated the val-
ley between the large morph of G. fortis and G. magnirostris 
(more about this later) but retained the rest of the topology. 
Thus, our analysis shows that most key features of the fitness 
landscape are retained in the adaptive landscape, providing 
support for the empirical quantification of a function (the 
phenotypic adaptive landscape) that has thus far been mostly 
theoretical, heuristic, or aspirational for field studies of adap-
tive radiations (Arnold et al., 2001; Hendry, 2017; Schluter, 
2000).

Correspondence of fitness and phenotypes
We found that phenotypic modes of the Geospiza are close to, 
but not directly on, their respective fitness peaks (Figure 1). 
The first part of this conclusion (i.e., “close to”) supports the 
basic premise of the ecological theory of adaptive radiation 
that different resources (here different seed types) generate 
multiple phenotypic fitness peaks that promote diversifica-
tion into different species (Arnold et al., 2001; Grant, 1999; 
Hendry, 2017; Nosil, 2012; Schluter, 1984; 2000). The second 
part of the conclusion (i.e., “not directly on”) also is not unex-
pected (Brady et al., 2019a, 2019b), and affords an oppor-
tunity to discuss the reasons why adaptation (and adaptive Ta
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radiation) might be constrained in various ways. Some such 
constraints can be considered with our current analysis and 
by reference to previous studies within our study system.

First, introgression among species can constrain divergence 
from reaching the species’ respective optima and, indeed, 
interbreeding and introgression are known to occur between 
G. fortis and each of the other Geospiza species as well as 
between the two G. fortis morphs (De León et al., 2010; Grant, 
1993, 1999; Grant & Grant, 1992; 2021; Lamichhaney et al., 
2015). This potential constraint predicts that species means 
will be displaced from fitness optima in the direction of the 
species from which introgression occurs. Such a pattern was 
not evident in our data for G. fuliginosa, G. scandens, or G. 
magnirostris (Figure 1B). By contrast, phenotypic modes for 
the G. fortis morphs did deviate from their fitness peaks in 
the direction of groups with which they hybridize (the large 
morph of G. fortis toward the small morph of G. fortis, 
and the small morph of G. fortis toward G. scandens)—but 
these deviations were among the smallest observed (Figure 
1B). Introgression, therefore, seems unlikely to explain why 
the phenotypic modes were displaced to one side of their fit-
ness peaks. Indeed, an increasing body of work argues that 
introgression is a creative rather than constraining force in 
adaptive radiation in general (Grant & Grant, 2019) and in 
Darwin’s finches specifically (Lamichhaney et al., 2015).

Second, as with introgression (above), gene flow across pop-
ulations within species can bias adaptation away from local 
optima (Bolnick & Nosil, 2007; Garant et al., 2007; Hendry 
& Taylor, 2004). Indeed, we expect considerable immigration 
and emigration for our “open” study site. (Note that emigra-
tion and mortality are functionally equivalent at the level of a 
population and so both are relevant to selection at that level.) 
Supporting this point, previous analyses have shown high lev-
els of gene flow and connectivity across the island of Santa 
Cruz, at least for G. fortis (De León et al., 2010; Galligan et 
al., 2012; Petren et al., 2005). It seems unlikely, however, that 
the movement of birds across sites could be a primary driver 
of the deviations we observed between phenotypic modes 
and fitness peaks. In particular, the deviations we observed 
were not generally in the direction of another known pop-
ulation of each species (Carrión et al., 2022; Foster et al., 
2008; Kleindorfer et al., 2006; See Supplementary Material 
and Supplementary Figure S11).

Third, genetic constraints can cause trait means to devi-
ate from adaptive optima (Arnold et al., 2001; Svensson & 
Calsbeek, 2012a). For instance, ground finches generally show 
a positive genetic correlation between beak length and depth 
(Boag, 1983; Grant & Grant, 1994; Price et al., 1984), which 
could constrain evolution along orthogonal axes. We do not 
favor this possibility as an explanation for the deviations we 
observed between phenotypic modes and their estimated fit-
ness optima. Consider our analysis of “prospective selection” 
(Figure 3), which scales trait differences by genetic correlations. 
In particular, when ignoring such correlations (i.e., Euclidean 
distances), the phenotypic distance between each phenotypic 
mode and the nearest optima (peak) was much smaller than 
phenotypic distances across modes. However, when including 
such correlations (i.e., estimates of “prospective selection”), 
the same type of comparison yielded a much smaller contrast. 
In other words, accounting for genetic correlations “shrinks” 
the distance among different phenotypic modes more than it 
shrinks the distance between each mode and its nearest fit-
ness peak. This result suggests that diversification across the 

species was not strongly constrained by genetic (co)variances, 
except perhaps for G. scandens, which lies off the main axis 
of variation in having evolved long but shallow beaks (Grant, 
1999); and yet G. scandens did, in fact, evolve. As such, it 
seems unlikely that genetic (co)variances constrain each of the 
species from reaching their respective fitness peaks.

Although each of the above constraints could contribute 
to the observed offsets between phenotypic modes and fitness 
peaks, none are likely an important causal factor. Instead, we 
suggest that the primary cause of observed deviations from 
fitness peaks is merely methodological. This suggestion comes 
from our observation that all displacements of mean pheno-
types from fitness peaks in our analyses always fell in the same 
direction, an outcome that implies some sort of methodologi-
cal bias (Figure 4). One possible bias is that adaptive radiation 
can be strongly influenced by rare events (De León et al., 2012; 
Grant & Grant, 2014), in which case fitness peaks estimated 
in some years might not reflect the fitness peaks that drove 
adaptive radiation in the first place. However, our dataset was 
long term (17 years) and integrated across very diverse ecolog-
ical conditions (Supplementary Figure S2). Another possibility 
is that our fitness surrogate was biased in capturing only one 
of several key fitness components. For instance, we only used 
longevity, whereas fitness is also determined by reproductive 
success, which perhaps favors different trait values. It would 
take an entirely new and different set of data to address this 
possibility. Beyond this possible bias, some imprecision is also 
present in our estimates, owing principally to low sample sizes 
(especially for G. magnirostris) and low recapture rates (see 
Supplementary Material; Supplementary Figures S4 and S9). 
Resulting imprecision adds noise to our estimates of the fitness 
landscape, such that the true landscape might be much more 
refined than the one our data captures.

Future research and prospectus
The structure of fitness and adaptive landscapes depends on 
features of the environment, such as local resources and com-
petition (Schluter, 2000) that vary dramatically across space. 
Hence, it would be informative, using similar techniques to 
those applied here, to construct fitness and adaptive land-
scapes for finch communities on other islands. Daphne Major 
is an obvious candidate as previous work has estimated life-
time fitness for finches at that site, which differs dramatically 
in environment and phenotype from our study site (Carrión 
et al., 2022; Grant & Grant, 2002, 2011, 2014). Another 
informative situation would be the community of ground 
finches at Academy Bay, Santa Cruz, where human influences 
have been inferred to strongly alter resources, selection, and 
adaptation (De León et al., 2011, 2018; Hendry et al., 2006). 
These formal landscapes then also could be compared to 
the resource-based landscape presented by Schluter (1984). 
Similar analyses could be applied to data for other adaptive 
radiations of birds and other organisms. A major limiting fac-
tor is likely to be the large effort and time required to do so 
with any degree of confidence, at least in the case of long-lived 
organisms such as finches.

Environmental features shaping adaptive radiation can 
also vary through time (Merrell, 1994); such effects could be 
examined by considering temporal variation in landscape esti-
mates. Such an analysis was not possible in our case because 
our fitness surrogate (lifespan) required integration across the 
entire data set. However, our previous analysis of annual sur-
vival in G. fortis (the species with the largest sample size and 
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best recapture rates) over 9 years at this site revealed notable 
associations between selection and environmental conditions 
(Beausoleil et al., 2019). Such variation is likely common given 
evidence not only of temporal environmental fluctuations, but 
also of temporal variation in selection coefficients acting on 
phenotypic traits (Siepielski et al., 2009, 2017). Accordingly, a 
goal for future work could be to compare, in natural popula-
tions, long-term estimates of adaptive landscapes to patterns 
of temporal variation in key environmental factors.

The ultimate promise of adaptive landscapes, as an analytic 
tool, is to link genetic architecture to selection and adaptive 
radiation (Arnold et al., 2001; Hendry, 2017; Schluter, 2000). 
Making these connections should, in theory, allow insight 
into the genetic constraints or opportunities that impede or 
facilitate the occupation of adaptive landscape peaks, shifts 
between them, and—thus—speciation and diversification 
(Patton et al., 2022; and reference therein). At present, how-
ever, estimates of the G matrix are extremely limited in the 
traits examined, the environments in which they are quanti-
fied, and the number of species in either case. Future G matrix 
estimations for species in adaptive radiations in their natural 
environments will be greatly facilitated through recent appli-
cations of genomic data to relatedness estimates, as used in 
“animal model” estimates (Kruuk, 2004; Wilson et al., 2010).

Is the “landscape concept” still useful today? It has been 
argued by a number of authors that the concept of the adap-
tive landscape has so many assumptions as to be unhelpful at 
best and misleading at worst (Kaplan, 2008; Pigliucci, 2008). 
Yet, at the same time, other authors have argued that the 
adaptive landscape concept remains a useful tool in a variety 
of fields, including population genetics, evolutionary ecol-
ogy, conservation biology, and speciation (Gavrilets, 2004; 

Svensson & Calsbeek, 2012b). It is our view that adaptive 
landscapes are useful and informative, even if we still hold 
a poor understanding of many of their features such as their 
spatio-temporal dynamics, their sensitivity to assumptions 
(e.g., multivariate normality), their modification by density 
and frequency dependence, and many other subtle and not-
so-subtle nuances (Svensson & Calsbeek, 2012a). Perhaps 
most daunting thus far, however, has been the inability of 
practicing biologists to actually generate empirically based 
adaptive landscapes for natural adaptive radiations.

Our analysis addresses this last criticism (of practicality) 
by showing that multi-species fitness landscapes can be used 
not just as a metaphorical concept but also as a quantitative 
tool for exploring the factors contributing to adaptive radia-
tion. Our adaptive landscape for beak traits of Geospiza spp. 
unveiled the expected number of fitness peaks, with the pheno-
types of four species (and two intra-specific “morphs”) near, 
but not directly on, the inferred fitness maxima. Admittedly, 
this system is optimal for adaptive landscape estimation in 
some respects: only a few species are involved, they are all 
(here) sympatric, the important traits are clear, and the phe-
notypic distribution is nearly continuous. At the same time, 
however, other aspects of the system are decidedly suboptimal 
for estimating adaptive landscapes: lifespans are long, only 
some fitness components can be reliably measured, long-term 
data are necessary, recapture rates are relatively low, and the 
populations are “open.” Given that other study systems are 
at least as suitable as ours, even if for different reasons, we 
anticipate considerable value in applying similar methods to 
a great diversity of biological communities. Once such data 
accumulate, perhaps the promise of the theory of adaptive 
landscapes will finally be realized.

Figure 3. Prospective selection assuming finch populations would evolve toward their fitness landscape peaks. In panel A, colored points represent 
species means from our data, the points in gray with the corresponding shape for each species, are the positions of the fitness landscape peaks (Figure 
1B). The vertical and horizontal bars are one standard deviation for the phenotypic traits. In panel B, the G-transformed beak phenotypes (calculated via 
the genetic variance-covariance matrix (G-matrix) from a population of G. fortis, Boag, 1983) gives an idea of how much selection is required to make a 
population evolve in a certain direction. The distance between two points represents the net selection gradient required to move from one point to the 
other. In both panels, the dashed lines approximately represent the axes of beak size and shape for the raw traits.
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