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Abstract
The ratio of brain size to body size (relative brain size) is often 
used as a measure of relative investment in the brain in eco-
logical and evolutionary studies on a wide range of animal 
groups. In birds, a variety of methods have been used to 
measure the brain size part of this ratio, including endocra-
nial volume, fixed brain mass, and fresh brain mass. It is still 
unclear, however, whether these methods yield the same re-
sults. Using data obtained from fresh corpses and from pub-
lished sources, this study shows that endocranial volume, 
mass of fixed brain tissue, and fresh mass provide equivalent 
estimations of brain size for 48 bird families, in 19 orders. We 
found, however, that the various methods yield significantly 
different brain size estimates for hummingbirds (Trochili-
dae). For hummingbirds, fixed brain mass tends to underes-
timate brain size due to reduced tissue density, whereas en-
docranial volume overestimates brain size because it in-
cludes a larger volume than that occupied by the brain.

© 2020 S. Karger AG, Basel

Introduction

The evolution of different behavioral patterns corre-
lates with changes in brain size in a wide range of animals 
[West, 2014; Farris, 2015]. Consequently, relative brain 
size (the ratio of brain to body size) has extensively been 
used in species-specific and comparative studies that cor-
relate behavioral capabilities with brain size across a wide 
range of taxonomic groups [Striedter, 2005; Eberhard 
and Wcislo, 2011]. In birds and mammals, the complex-
ity of social systems, spatial navigation, and other behav-
iors seem to have influenced the evolution of their brain 
size [Nicolakakis and Lefebvre, 2000; Madden, 2001; Du-
kas, 2004; Lefebvre et al., 2004; Sol et al., 2005a; Møller, 
2010; Shultz and Dunbar, 2010; Smaers et al., 2012; West, 
2014; Lindsay et al., 2015]. However, some lines of evi-
dence suggest that animals with small brains perform 
equally or perhaps more complex behaviors than animals 
with larger brains [Eberhard, 2007; Eberhard and Wcislo, 
2011]. For instance, hummingbirds, the smallest-bodied 
birds have proven to be capable of song learning [Bap-
tista and Schuchmann, 1990; Jarvis et al., 2000], a behav-
ior that is thought to be neuronally demanding and which, 
in hummingbirds and other birds, is known to correlate 

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f M
ia

m
i, 

M
ill

er
 S

ch
oo

l o
f M

ed
ic

in
e 

   
   

  
12

9.
17

1.
6.

46
 -

 9
/1

/2
02

0 
5:

21
:2

3 
P

M



Ocampo/Sánchez/BarrantesBrain Behav Evol2
DOI: 10.1159/000509383

with the size of some specific regions of the brain (e.g., 
RA, HVC and LMAN) [Gahr, 2000]. Despite the fact that 
some behaviors are directly related to specific brain re-
gions, relative brain size continues to be a common gen-
eral predictor of behavioral complexity [Healy and Rowe 
2007]. Unfortunately, it is still uncertain whether the dif-
ferent methods used over a wide range of studies to mea-
sure brain size are equivalent.

In most studies, brain size has been estimated using 
one of the following methods: (1) endocranial volume, (2) 
mass of brain tissue (after fixation of neural tissue with 
formaldehyde) [e.g., Iwaniuk and Arnold, 2004], (3) fresh 
brain mass [e.g., Garamszegi et al., 2002; Garamszegi and 
Eens, 2004; Møller et al., 2005], and (4) fitting an ellipsoid 
in the skull cavity [Madden, 2001]. Some investigations 
also combined brain size data estimated with different 
methods in order to increase the sample size and to ad-
dress different ecological, behavioral, and evolutionary 
questions [e.g., Nealen and Ricklefs, 2001; Lefebvre et al., 
2000, 2004; Sol et al., 2005b], without testing the equiva-
lence of measurements obtained from different methods 
[Healy and Rowe, 2007]. This could be critical because 
some methods tend to overestimate brain size, while oth-
ers seem to underestimate it.

Iwaniuk and Nelson [2002] showed, using regression 
analyses for 82 bird species, that endocranial volume and 
fixed brain mass yielded equivalent estimates of brain 
size, but equivalence between these methods and fresh 
brain mass has not yet been tested. The equivalence of all 
three methods deserves further research because results 
could differ between methods for different sets of species 
or families, particularly if they do not have the same range 
of variation in body size. Regressions calculated over a 
large number of species often mask some patterns, such 
as different slopes, intercepts, or dispersion of the residu-
als associated with particular families or species [Hollo-
way, 2001]. 

Our study is designed to test whether three different 
methods, fresh brain mass, fixed brain mass, and endo-
cranial volume, yield similar estimations of brain size. We 
also test whether statistical comparisons between meth-
ods for a data set yield similar results when applied to 
some groups of species. Results obtained from different 
methods could differ if they were used on a subset of spe-
cies that extend over only a part of the range of brain and 
body sizes of a larger set of species. For instance, Iwaniuk 
and Nelson [2002] included some of the largest species of 
birds but did not include the smallest species. The relative 
error associated with the estimation of brain size tends to 
increase as brain size decreases; thus, estimating brain 

size of small species with statistical parameters (e.g., in-
tercept and slope) derived from large species could result 
in imprecise measurements. We additionally conduct an 
independent analysis to test whether three different 
methods (fresh brain mass, fixed brain mass, and endo-
cranial volume) yield equivalent estimations of brain size 
in hummingbirds (family Trochilidae), which includes 
the smallest birds, and explore whether the fixation pro-
cess affects brain size estimates. 

Methods

Data Collection
We compiled brain size estimates from 1,379 individuals in 

164 bird species, from 48 families and 19 orders, allowing for 302 
comparable estimations among three different methods (online 
suppl. Table S1; see www.karger.com/doi/10.1159/000509383 for 
all online suppl. material): endocranial volume (filling the skull 
with lead shot in all cases), fixed brain mass, and fresh brain mass. 
We use the term “fresh brain” for brains that were not chemically 
preserved, though they could have been frozen for < 7 days before 
being weighed. Data on endocranial volume, fixed brain mass, 
and the corresponding body mass of these species were obtained 
from the literature (online suppl. Table S1). We excluded Bubo 
virginianus and Taenopygia guttata from Iwaniuk and Nelson 
[2002], because the body mass reported for these species, 177 and 
5 g, respectively, is far below the weight range reported elsewhere 
(B. virginianus 680–2,500 g [Holt et al., 2016]; T. guttata ∼10 g 
[Payne, 2016]). We transformed all endocranial volumes to mass 
(endocranial mass) by multiplying the volume by 1.036 g/mL. 
This value has been used in similar studies [e.g., Ebinger, 1995; 
Iwaniuk and Nelson, 2001], and is used here for comparative pur-
poses. 

Fresh brain and body masses of some species (online suppl. 
Table S1) were obtained from published data [Garamszegi et al., 
2002] or from bird specimens collected between 2011 and 2015 
from different regions of Costa Rica, as part of the collecting pro-
gram of the Museo de Zoología, Universidad de Costa Rica 
(MZUCR). We stored collected birds wrapped in an air-tight, 
plastic bag at –5  ° C within the first 5 h after death and used only 
those adult specimens of both sexes that had been frozen for < 7 
days. We acknowledge that freezing birds, even for a short period, 
could dehydrate the tissue. However, we expect that wrapping 
birds in plastic bags reduces the freezing effect, and that the effect 
of freezing the birds would have a similar effect on body and brain. 
We determined total body mass to the nearest 0.1 ± 0.05 g using 
a mechanical balance (Ohaus OH-750-S0) and total brain mass to 
the nearest 0.01 ± 0.005 g using an American Scale ACPro-200. 
The brain of each specimen was carefully extracted from the skull 
by the same investigator (DO) and inspected for damage; only 
undamaged brains were used in the analyses. Brains included all 
the tissue enclosed in the braincase after removing the meninges, 
the optic nerve, and the spinal cord at the level of the foramen 
magnum. For the purpose of this study we use “size” and “mass” 
interchangeably as synonyms for brain size, and body size.
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Comparisons between Methods
We conducted pairwise comparisons between the three meth-

ods: endocranial mass, fixed brain mass, and fresh brain mass. Pri-
or to comparisons, we divided the entire data set into subsets of 
species that had information for both brain and body size for at 
least two of the three methods: endocranial volume and fixed brain 
mass (90 spp.), endocranial volume and fresh brain mass (45 spp.), 
and fixed brain mass and fresh brain mass (19 spp.). We then test-
ed whether brain mass, brain/body mass proportion, and body 
mass differ among methods, using paired t tests. We used 6 phy-
logenetic generalized least-square (PGLS) models to estimate the 
log-log brain/body mass relationship in a phylogenetic controlled 
framework, in each of the data sets (e.g., a PGLS for the 90 species 
with data on endocranial volume). We tested differences between 
methods by extracting the slopes and intercepts from the PGLS 
models, and compared them using a t test (e.g., interaction term 
and relative brain size among methods). We also used analysis of 
covariance (ANCOVA) to test for the effect of the method on the 
estimation of relative brain size; this test allows a comparison of 
the slopes and intercepts among methods in a single analysis but 
does not control for the phylogenetic relationships. Because the 
conclusions from the ANCOVA do not differ from those from the 
PGLS, here we only report the results from the phylogenetic con-
trolled framework. In addition, we regressed brain mass versus 
body mass to represent graphically the effect of each method. For 
example, we used a PGLS to contrast brain/body mass proportion 
for endocranial mass (predictor variable) against brain/body mass 
proportion for fixed brain mass (response variable) for the same 
group of species. In these models, if both methods produce the 
same estimations of relative brain size, we expect a slope equal to 
1 and an intercept equal to 0. 

For each of the PGLS models we used a consensus tree based 
on the majority rule of 50%. We created the consensus tree using 
the package Phytools [Revell, 2012] and estimated the branch 
lengths using the method of least squares in the function “consen-
sus.edges.” Each consensus tree was based on 2000 phylogenetic 
trees obtained from birdtree.org [Jetz et al., 2012], using the Hack-
ett backbone [Hackett et al., 2008]. All PGLS models were per-
formed using the package Caper [Orme et al., 2012].

Effect of Body Mass on Brain Size
The body mass of the smallest bird in our data differs by near-

ly 4 orders of magnitude from the mass of the largest bird. Such a 
large range of variation allowed us to test the effect that the body 
size of bird species has on their brain sizes estimated by the endo-
cranial mass and fixed brain mass methods. Based on body size, we 
split the data (90 species with data for both methods) into three 
groups with similar number of species. We averaged the body mass 
of each species and classified them into three groups, small birds: 
6–55 g (n = 29 species), medium birds: 60–290 g (n = 26 species), 
and large birds: 310–35,800 g (n = 35 species). To test the effect of 
the methods (interaction and intercept terms) on brain size esti-
mation, we ran PGLS models, as described above, and tested for 
differences in slopes and intercepts using t tests. The results did not 
differ from those obtained from ANCOVAs. We also evaluated the 
accuracy of model parameters (e.g., intercept and slope) obtained 
from the three groups. It is known that the dispersion of residuals 
around the predicted values affects the accuracy of the model in 
predicting the “true values.” Thus, to test the effect of relative brain 
size on the residual dispersion, we ran a PGLS using the brain/body 

mass proportion from endocranial estimations against the fixed 
mass estimations and then compared residual variance with Lev-
ene’s test among the three bird groups. We also tested whether the 
slopes and intercepts differed from the expected line (slope = 1 and 
intercept = 0) for each group of birds. The statistical parameters 
would be as expected if both methods (endocranial mass and fixed 
brain mass) yield the same estimations of brain size.

Trochilidae Intrafamily Comparison
The data available for hummingbirds allowed us to conduct 

comparisons between different groups of species with different 
methods used to estimate brain size. We conducted an analysis to 
examine the performance of these methods in estimating brain size 
on a family of birds that includes the smallest species. We first 
compared two groups of species with different estimations of brain 
and body mass: (1) brain mass estimated from endocranial volume 
and body size from skeletal measurements (n = 20 spp. [Rehkäm-
per et al., 1991]), and (2) brain mass estimated from endocranial 
volume and body size from weight of fresh specimens (n = 15 spp., 
[Iwaniuk and Nelson, 2003]; Iwaniuk, pers. commun. [2018]). 
Specifically, we used an ANCOVA to compare the 2 sets of differ-
ent species (online suppl. Table S1). Because these 2 sets varied 
greatly in their allometric relationships (slope and intercept), and 
the estimation of body mass based on skeletal traits used by Reh-
kämper et al. [1991] has not been validated for hummingbirds, we 
used only data from fresh specimens for further analyses.

We then used a set of hummingbird species (145 individuals 
from 47 species) that had data for body size and brain size esti-
mated with at least one of these three methods – endocranial vol-
ume, fixed brain tissue, and fresh brain mass – to compare brain 
size estimations among methods. We first compared the body size 
(using ANOVA) of the species included in each of the three groups 
defined by the method of brain estimation. This analysis allowed 
us to test whether the species’ body weights differ among the three 
groups. We then tested if the allometry (intercept and slope) of 
brain mass on body mass differed among the three groups (online 
suppl. Table S1): (1) 15 species with brain size estimated by endo-
cranial volume [Iwaniuk and Nelson, 2003], (2) 9 species with 
brain size estimated with the fixed brain tissue method [Iwaniuk 
and Wylie, 2007], and (3) 24 species with fresh brain mass mea-
surements. We first analyzed these data sets with an ANCOVA for 
the whole data set (54 brain-body records) to test for differences in 
slope and intercept among the three groups. We used similar sta-
tistical analyses to those used by Iwaniuk and Nelson [2002] for 
comparative purposes. Second, we ran a PGLS with the method of 
brain size estimation as a cofactor to control for phylogenetic re-
lationship among 47 species. Because the PGLS does not allow for 
multiple values for the same species (e.g., brain size estimated with 
different methods for the same species), we randomly deleted one 
of the two estimates, resulting in a model based on 47 species, in 
which the brain size of each species was estimated using only one 
method. 

Fixation Effect
We tested the effect of formaldehyde fixation by immersion of 

the brain mass of 12 brains of 11 species. Each fresh brain was care-
fully dissected from recently euthanized birds (never frozen) and 
the meninges removed. Each brain was weighed to the nearest  
0.01 g (American Scale ACPro-200) and then maintained in a 10% 
formaldehyde + phosphate buffer solution for 15 days. We tested 
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the effect of formalin fixation by comparing the weight of brains 
prior to immersion to their weight when patted dry 15 days later, 
right after the fixation period using a paired t test. All statistical 
analyses were conducted in the statistical language R 3.0.2. (R De-
velopment Core Team 2019). 

Results

Comparison between Methods
Endocranial Mass versus Fresh Brain Mass
The paired t tests showed no difference in body size or 

brain size between the endocranial mass and fresh brain 
mass methods (body: t44 = 0.83, p = 0.41; brain: t44 = –1.10, 

p = 0.28), but the endocranial mass estimated a higher 
proportion of brain/body mass than that calculated with 
fresh brain mass (t44 = –2.45, p = 0.02). Brain size scaled 
similarly on body size for both methods (Table 1); neither 
intercepts nor slopes differed (intercepts: t86 = 0.35, p = 
0.73; slopes: t86 = 0.16, p = 0.88). The slope from the rela-
tionship between brain mass calculated with both meth-
ods did not differ from the expected slope and intercept 
(t43 = 0.17, p = 0.86 and t43 = –0.50, p = 0.62 respectively; 
Table 1). In addition, the brain/body relationship from 
endocranial and fixed mass methods did not differ sig-
nificantly from the expected slope = 0 and intercept = 1 
(t43 = 1.75, p = 0.09 and t43 = 0.70, p = 0.49; Table 1); how-

Table 1. Results and parameters, PGLS models based on pairwise comparisons from different methods to estimate 
brain size and by body size

Comparison F df p value R2 Lambda Slope SE Intercept SE

Endocranial vs. fresh brain mass
Endocranial: body vs. brain 638.4 1.43 <0.001* 0.94 1 0.66 0.03 –1.09 0.08
Fresh: body vs. brain 394.9 1.43 <0.001* 0.90 1 0.67 0.03 –1.13 0.10
Brain mass: endocranial vs. fresh 3,635 1.43 <0.001* 0.99 1 1.00 0.02 –0.10 0.20
Brain/body mass: endocranial vs. fresh 80.27 1.43 <0.001* 0.64 0 0.84 0.09 0.00 0.00

Fixed vs. fresh brain mass
Fixed: body vs. brain 178.6 1.17 <0.001* 0.91 1 0.69 0.05 –1.17 0.14
Fresh: body vs. brain 193.4 1.17 <0.001* 0.91 1 0.71 0.05 –1.23 0.14
Brain mass: fixed vs. fresh 878.7 1.17 <0.001* 0.98 1 1.01 0.03 –0.29 0.36
Brain/body mass: fixed vs. fresh 55.87 1.17 <0.001* 0.75 0.7 0.84 0.11 0.00 0.00

Endocranial vs. fixed brain mass (total)
Endocranial: body vs. brain 841.5 1.81 <0.001* 0.91 1 0.61 0.02 –1.08 0.09
Fixed: body vs. brain 606.4 1.81 <0.001* 0.88 0.83 0.65 0.03 –1.20 0.10
Brain mass: endocranial vs. fixed 4,162 1.81 <0.001* 0.98 0 0.95 0.01 0.28 0.11
Brain/body mass: endocranial vs. fixed 381.9 1.81 <0.001* 0.82 0 0.90 0.05 0.00 0.00

Endocranial vs. fixed brain mass (small)
Endocranial: body vs. brain 37.93 1.22 <0.001* 0.66 1 0.65 0.10 –1.06 0.15
Fixed: body vs. brain 35.69 1.22 <0.001* 0.60 1 0.76 0.13 –1.26 0.19
Brain/body mass: endocranial vs. fixed 12.78 1.22 0.002* 0.34 0.61 0.62 0.17 0.01 0.01

Endocranial vs. fixed brain mass (medium)
Endocranial: body vs. brain 45.67 1.24 <0.001* 0.64 1 0.54 0.08 –0.73 0.18
Fixed: body vs. brain 33.18 1.24 <0.001* 0.56 0.87 0.54 0.09 –0.74 0.21
Brain/body mass: endocranial vs. fixed 57.98 1.24 <0.001* 0.70 0 0.95 0.12 0.00 0.00

Endocranial vs. fixed brain mass (large)
Endocranial: body vs. brain 148.6 1.31 <0.001* 0.82 1 0.53 0.04 –0.78 0.16
Fixed: body vs. brain 63.46 1.31 <0.001* 0.66 0.69 0.52 0.06 –0.75 0.22
Brain/body mass: endocranial vs. fixed 159.7 1.31 <0.001* 0.83 0 1.01 0.08 0.00 0.00

Within Trochilidae
Endocranial: body vs. brain 123 1.16 <0.001* 0.88 0.66 0.69 0.06 –1.14 0.05
Fixed: body vs. brain 16.56 1.7 0.005* 0.66 0 0.76 0.19 –1.38 0.15
Fresh: body vs. brain 387.6 1.18 <0.001* 0.95 0 0.67 0.03 –1.21 0.02
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ever, this relationship showed that endocranial mass 
tends to produce larger estimates of brain size for small 
birds than the fresh brain mass method.

Fixed Brain Mass versus Fresh Brain Mass
We did not find significant differences (paired t tests) 

in brain (t18 = –1.57, p = 0.13), body mass (t18 = 0.09, p = 
0.93), or brain/body proportion (t18 = 0.23, p = 0.82) be-
tween methods. The relative brain size of 19 species esti-
mated with fixed brain mass and fresh brain mass did not 
differ between these two methods (Table 1), neither slopes 
(t34 = 0.28, p = 0.78) nor intercepts (t34 = 0.30, p = 0.76). 
The slope and intercept estimated by the regression be-
tween fixed brain mass and fresh brain mass did not differ 
significantly from the expected allometric line of slope = 
1 and intercept = 0 (slope: t17 = 0.21, p = 0.84; intercept: 
t17 = –0.80, p = 0.44; Table 1) or for brain/body mass pro-
portion (slope: t17 = 1.47, p = 0.16; intercept: t17 = 1.31, 
 p = 0.21; Table 1).

Endocranial Mass versus Fixed Brain Mass
The body size, brain size, and proportion brain/body 

mass did not differ (paired t tests) between the endocra-
nial mass and fixed brain mass methods for 90 species  
(t82 = 1.19, p = 0.24; t89 = –1.57, p = 0.13; t82 = –0.49, p = 
0.62, respectively). Relative brain size did not scale differ-
ently on body size between methods (Table 1); both meth-
ods yielded similar intercepts (t162 = 0.92, p = 0.36) and 
slopes (t162 = 1.06, p = 0.29). Nevertheless, the slope and 
intercept of the regression between endocranial mass and 
fixed brain mass methods differed from the expected pa-
rameters (slope = 1, intercept = 0) in both slope (slope:  
t81 = 3.72, p < 0.001) and intercept (intercept: 0.28; t81 = 
2.61, p = 0.01). Similarly, the slope of brain/body mass 
proportion differed significantly from expectations 
(slope: t81 = 2.07, p = 0.004; intercept: t81 = 1.44, p = 0.15; 
Fig. 1). The regressions calculated suggested that the en-
docranial volume method estimates larger brains for 
small species than the fixed brain mass method.

Effect of Body Mass on Brain Size
When focusing on body mass categories, we found 

that the proportion of endocranial brain/body mass re-
gressed against fixed brain/body mass proportion had a 
positive relationship in all cases. In addition, this regres-
sion showed a larger variation of residuals as the propor-
tions of brain/body mass increase (Fig. 1). To test wheth-
er the dispersion of residuals from the PGLS differed 
along the curve, we divided the total sample into 3 body 
size categories and found that the greatest variance of re-

siduals occurred in small birds (larger proportion brain/
body mass), whereas large birds presented the lowest 
variance of residuals (Levene’s: F2,80 = 10.84, p < 0.0001). 

Slopes and intercepts for relative brain size did not sig-
nificantly differ between endocranial and fixed brain es-
timations for any of the three size groups (Fig. 2a–c; Table 
1). The slopes in the log-log body versus brain size rela-
tionship did not differ between methods for all three 
groups (small: t44 = 0.65, p = 0.52; medium: t48 = 0.06, p = 
0.95; large: t62 = 0.16, p = 0.87), nor did the intercepts 
(small: t44 = 0.81, p = 0.42; medium: t48 = 0.03, p = 0.98; 
large: t62 = 0.12, p = 0.90). The results of the analyses 
showed that the proportion of brain/body mass for fixed 
volume against endocranial brain mass (Table 1) for small 
birds had a lower slope but the same intercept than those 
expected (slope = 1 and intercept = 0; slope: t = 2.22, p = 
0.04, intercept: t = 1.35, p = 0.19; Fig. 2d). Medium-size 
birds did not differ from the expected slope and intercept 
(slope: t = 0.36, p = 0.72, intercept: t = 0.48, p = 0.63; 
Fig. 2e), nor did the large birds (slope: t = 1.44, p = 0.89, 
intercept: t = 0.18, p = 0.86; Fig. 2f). 

Trochilidae Intra-Family Comparison
The two groups of hummingbird species with brain 

size estimated from endocranial volume, but with differ-

Brain/body proportion: endocranial
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Fig. 1. Relationship between proportions of brain/body mass for 
fixed mass and endocranial brain mass for 90 species of birds 
(slope: 0.92, t = 20.15, p < 0.001; intercept: 0.17, t = 1.41, p = 0.16). 
Large birds (310–35,800 g), medium birds (60–290 g), and small 
birds (6–55 g). Dashed line shows the expected line (slope = 1, in-
tercept = 0).
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ent methods to estimate body mass (from skeleton mea-
surements or direct weight respectively), yielded different 
allometric relationships (ANCOVA: F3,31 = 50.90, p < 
0.0001). Species whose body mass was estimated from 
skeleton measurements yielded a lower slope than those 
whose body mass was calculated from fresh specimens  
(F1 = 9.3, p = 0.005), but intercepts were similar (F1 = 0.97, 
p = 0.33). Therefore, we used only the species with fresh-
weighed body mass for further analyses.

There were no differences in body mass (F2,51 = 1.42,  
p = 0.25) among the 3 sets of hummingbird species tested 
(22 species from endocranial volume, 9 species from fixed 
brain mass, and 24 species from fresh mass), or in brain 
mass (F2,51 = 1.93, p = 0.15), but the brain/body propor-
tions differed among the three groups (F2,51 = 17.32, p < 
0.0001). A Tukey HSD post hoc test showed differences 

among the three groups defined by the methods of brain 
size estimation (q = 2.41, p < 0.05). Furthermore, the log-
log relationship between body and brain size differed 
among the three groups (ANCOVA: F5,48 = 66.49, p < 
0.0001; Table 1; Fig. 3). There were no differences in the 
slopes among groups (F2 = 0.30, p = 0.74; Fig. 3), but they 
yielded different intercepts (F2 = 32.54, p < 0.0001). Sim-
ilarly, the PGLS showed significant differences among the 
intercepts, but not in the slopes estimated for the three 
methods (F5,41 = 56.56, p < 0.0001, r2 = 0.85). These results 
indicate that the endocranial mass method estimates larg-
er brain sizes than the fixed brain mass method.

Fixation Effect
Brains immersed in formaldehyde drastically reduced 

their mass. After 15 days in formaldehyde fixation, the 

log10 body mass

lo
g 1

0 b
ra

in
 m

as
s

0.8

–0.8

a b c

d e f

1.2

–0.4

0.4

0

1.6 1.8
0

2.0 2.2

0.2

0.6

0.4

2.4 2.5

0

3.5 4.03.0

0.5

1.5

1.0

4.5

0.08
0.05

Brain/body proportion: endocranial

Br
ai

n/
bo

dy
 p

ro
po

rti
on

: f
ix

ed

0.02

0.02

0.04 0.06

0.04

0.06

0.08 0.01

0.01

0.03

0.03

0.05 0

0

0.010 0.020

0.010

0.030

0.020

0.030

Fig. 2. The upper panel shows the log brain mass regressed against 
log body mass using data from two different methods of brain size 
estimation: endocranial mass (open circles, solid line) and fixed 
brain mass (plus sign, dotted line) for 29 small-sized birds (a), 26 
medium-sized birds (b), and 35 large-sized birds (c). The lower 

panel shows the relationships between the proportion of brain/
body mass using data from two different methods of brain size es-
timation for the same groups of species: small-sized birds (d), me-
dium-sized birds (e), and large-sized birds (f); the dashed lines 
show the expected lines (slope = 1, intercept = 0).
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mass of brains was significantly reduced (t11 = –8.81, p < 
0.0001; Table 2). This change in weight by fixation would 
result in a lower elevation of the allometric line compared 
with fresh brain mass. 

Discussion

In general, the three methods typically used to esti-
mate brain size in birds and other vertebrates (endocra-
nial mass, fixed brain mass, and fresh brain) yielded sim-
ilar results. Pairwise comparisons between the three 
methods produced, in general, equivalent estimates of 
brain size. This accords with the results obtained by Iwa-
niuk and Nelson [2002] for endocranial mass and fixed 
brain mass estimated from formaldehyde-immersed 
brains. Our study also showed that the equivalence be-
tween endocranial mass and fixed brain mass methods 
was not a consequence of the broad range of body sizes 
measured: both methods still showed similar patterns 
after dividing species into three body size groups. How-
ever, estimates of brain size obtained with the endocra-
nial mass method and the fixed brain mass method 
seems not be equivalent for small birds (lower slope and 
higher intercept than expected). The comparison be-
tween these two methods showed that the endocranial 
volume estimates larger proportions of brain/body size 
for small birds than the proportions obtained by the 

fixed brain mass method. Different factors other than 
the methods explored here, can affect the relative brain 
size estimated and the accuracy of these models. Addi-
tional variation could be attributed, for instance, to dif-
ferences in size between sexes or seasonal variation in 
body mass [e.g., Scott et al., 1994]. To reduce variation 
caused by these factors, and thus, the residual dispersion 
in the allometric relationships, we averaged individual 
values for each species whenever possible. This proce-
dure does not eliminate completely the variation due to 
individual differences, but it certainly reduces it. We are 
then confident that differences between curves, or dif-
ferences in residual variation, are more likely due to the 
different methods used to estimate brain size. 

The dispersion of residuals along the regression lines 
calculated for relative brain size of endocranial volume 
against fixed brain mass is greater in small than in large 
species. The dispersion or variation of the residuals 
around the regression line indicates the fit of the model 
to the data; thus, the smaller this variation the better the 
predictions of the model. Hence, in this particular case, 
the models indicate that the two methods estimate ac-
curately the brain size for large birds, but accuracy de-
creases for small bird species. The greater dispersion of 
residuals in small species could be an effect of scale: the 
same measurement error would scale higher in small 
brains. For example, in a 2-g bird with a 0.1-g brain, the 
brain mass represents 5% of body mass, but if the mea-
surement overestimates the brain mass by 0.05 g, the 
brain mass would represent 7.5% of the body mass. 
However, in a 200-g bird with a 4-g brain, the brain pro-
portion represents 2%, and if the measurement was 

Table 2. Differences in mass (g) of 12 brains after 15 days of fixa-
tion by immersion in formaldehyde 10%

Species Fresh 
mass

Fixed 
mass

Difference

Geothlypis philadelphia 0.52 0.41 –0.11
Ramphocelus costaricensis 1.05 0.85 –0.20
Mionectes oleagineus 0.49 0.40 –0.09
Coereba flaveola 0.46 0.37 –0.09
Tyrannus melancholicus 0.95 0.76 –0.19
Ramphocelus costaricensis 1.03 0.82 –0.21
Myiarchus crinitus 0.81 0.66 –0.15
Arremonops conirostris 1.26 1.00 –0.26
Myiozetetes granadensis 0.81 0.67 –0.14
Oreothlypis peregrina 0.40 0.32 –0.08
Sporophila nigricollis 0.51 0.41 –0.10
Xiphorhynchus susurrans 1.17 0.97 –0.20
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Fig. 3. log-log relationship of brain and body mass for 47 species of 
hummingbirds estimated with endocranial mass (open circles, solid 
line), fresh brain mass (filled triangles, dashed line), and fixed brain 
mass methods (plus sign, dotted line). Intercepts (F2 = 32.54, p < 
0.0001), but no slopes (F2 = 0.30, p = 0.74), differ among methods.
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equally overestimated by 0.05 g, the resulted proportion 
brain/body mass would be 2.02%. 

We used data of the family Trochilidae because this 
family includes some of the smallest birds and falls out 
of the body size range of species analyzed by Iwaniuk 
and Nelson [2002]. The three groups of hummingbirds 
used in our analysis have the same range of body mass 
(2.2–17 g); thus, the differences in brain size among 
groups are not an effect of differences in body size. The 
endocranial volume method overestimates the mean 
(intercept) brain size. The brain size estimated by this 
method includes also the volume occupied by other tis-
sue present in the braincase (e.g., brain ventricles) 
[Healy and Rowe, 2007]. To our knowledge, there are no 
published data on the volume of the ventricles in hum-
mingbirds, which likely overestimates the brain size in 
this group of birds. Additionally, in hummingbirds the 
braincase does not ossify behind the eyes. The orbitocra-
nial fonticulus is fused with the optic foramen [Zusi, 
2013], so that the skull has an open space from the inter-
orbital septum to the parietal bone, in the internal re-
gion of the sulcus for cucullaris capitis muscle (Fig. 4). 
This open area might affect the endocranial volume es-
timation by Rehkämper et al. [1991] and Iwaniuk and 
Nelson [2003].

Contrary to the endocranial volume method, the 
fixed brain mass underestimates brain size because the 
formaldehyde fixation process and 70% ethanol storage 
shrink the brain [Iwaniuk and Wylie, 2007]. In this 
study, formaldehyde fixation alone (no ethanol storage), 

by 15 days immersion, not only shrank the brains, but 
also reduced their density and so their mass, leading to 
an underestimation of brain mass. 

The data on fresh brain mass from 24 hummingbird 
species showed low dispersion of the residuals, R2 = 0.95. 
If we include data from the three methods, then the ac-
curacy of the model decreases (n = 54, R2 = 0.68). Thus, 
the accuracy of the model is more affected by the meth-
od used to estimate brain size than by the sample size 
included. Therefore, mixing data on brain size of hum-
mingbirds estimated by different methods decreases 
precision of brain size estimation across species.

We focused on brain mass, because it is one of the 
easiest and most common measurements for brain size, 
but estimations of volume might be equally affected. We 
conclude that, in general, brain size data from endocra-
nial volume, fixed, and fresh brain mass methods render 
equivalent estimations of brain mass for birds. However, 
among hummingbirds, the estimation of brain size was 
affected by the method used to obtain these estimates. 
The fixation by immersion method underestimated 
brain size because it reduced tissue density, while the 
endocranial volume method overestimated brain size 
since this estimation included sections of the braincase 
that were not occupied by brain tissue. We used data 
from different sources and acknowledge that factors 
other than the method, such as sex, mating season, sub-
species, and individual variation, may affect the estima-
tion of brain size. However, those factors are likely sim-
ilarly distributed among the data obtained for the three 
methods used to estimate brain size, reducing the bias of 
data obtained by a particular method. 

Combining data on brain size obtained with different 
methods would at least increase residual dispersion and 
so decrease predicting accuracy of the model, particu-
larly in hummingbirds, because in these birds the pat-
tern of skull ossification makes it difficult to have an ac-
curate estimation of brain volume. We consider that 
combining data obtained from different methods of 
brain size estimation could still be useful to answer gen-
eral questions or to explore general patterns, but com-
bining data to answer more specific questions or de-
scribe species-specific behavioral patterns (e.g., court-
ship behavior within a closely related group of species) 
could affect the results since small variation in brain size 
estimation could modify the conclusions of the study. 
For hummingbirds, the fresh brain mass method ren-
ders the most accurate estimation of brain size.

1 cm

A

D

DC

C

B

B

A

1 cm

Fig. 4. Topography and nomenclature of the skull in the lateral 
view of 2 hummingbirds, Eutoxeres aquila without lower jaw (up-
per) and Selasphorus flammula, without lower jaw (lower). A, or-
bitocranial fonticulus; B, optic foramen; C, sulcus for cucullaris 
capitis muscle; D, braincase opened area.
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