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Abstract
Groups of wild juvenile and adult mallard ducks were captured, ringed, measured, while, juvenile ones
already ringed, were remeasured on a subsequent recapture between March and September over a period of 7
years, at a site in Piedmont (Italy). Measurements cover both the rates and the pattern of development of 4
morphological features (head-and-bill-length, bill-length, tarsus-length, and weight). Juveniles were examined and
their measurements were compared with the asymptotic value obtained from adults’ measures. A functional data
analysis growth model was fitted to data and it yielded plausible quantitative estimates. Tarsus appears to reach the
asymptote faster than the other morphological features in this population. Finally, a functional principal components
analysis was performed to discriminate sex in growing Mallard ducks.
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describe growth, such as the logistic, the Gompertz and

Introduction
Few growth pattern descriptions in Mallard
(Anas

ducks

platyrhynchos) are available in the

academic literature. Despite this, the intrinsic growth
rate, defined as the relationship between size and age,
is an important factor in life history theory [1, 2], since
it plays an important role in the evolution of age
trajectories for both fertility and mortality [3]. In fact, it
provides an optimal life history strategy for maximizing
lifetime

reproduction,

which

is

determined

by

maximizing age survival and fecundity [4, 5]. The size of
most organisms (rather than the age) directly affects
both survival probabilities [6, 7, 8] and individual
fecundity [7, 9]. Hence, we can hypothesize that
organisms grow as fast as possible to achieve mature
size [10, 11]. Regarding to that, many strategies such
as enlarging the initial size [12, 13] or expanding the
period of growth and development [14] could be
implemented to increase the size. Juvenile birds grow as
quickly as possible in order to reduce the period of
vulnerability to predators [15], but Ricklefs didn’t prove
any correlation between growth rate and predation for
temperate passerine birds [10, 16, 17]. Food scarcity
and/or poor quality food [18] as well as the ability of
parents to nourish their offspring [15] are invoked as
factors explaining slow growth in birds. Growth rates of
different morphological features have been studied for
many altricial species [19, 20, 21, 22], but few data are
available for precocial species [23]. The reasons why
altricial species are preferred for these studies are due
to the abundance of their nests and/or the ease to get
repeated measurements throughout the nestling period.
The

problems

related

to

repeated

catching

and

measuring of precocial birds offspring explain why there

the von Bartalanffy equation, but these functions are
unfitting for precocial species such as Mallard ducks.
Indeed for this species, there is a scarce availability of
frequent known-age birds measurements as well as
there is often a lack of growth data and fitting the
above mentioned function using incomplete data can
bias growth rate estimates [28, 29]. Besides, the huge
number of parameters involved makes some models
unfeasible (the Richards model for example; [30]).
The

aim

of this paper

development changes in the morphology of Mallard
ducks during the hatching-independence stage. It is
known that Mallard ducks Offspring are able to run and
swim immediately after their hatching period and they
can fly at an age of 50-60 days [31]. Basing on these
facts, we hypothesize that some mallard ducks physical
features are particularly useful in order to escape from
predators in the period immediately after their hatching.
Regarding these features, we remark the bill for eating
or the tarsus for swimming and running which should
reach the mature size as quickly as possible, even
though the adult weight is not achieved. For these
purposes, we employed a novel statistical approach
based on capture-recapture (C-R) data of young
individuals and Functional Data Analysis (FDA, [32]).
The C-R method allowed us to collect different repeated
measures from the same Mallard ducks individuals and
hence this enabled us to build the mallard ducks growth
curves [11]. In particular, in the next pages we’ve
reported growth rates, daily weight gain curves and
daily weight gain curves relative to three morphological
features: bill, bill+head, tarsus. Finally, we have used
Functional

Principal

Components

is little literature about the quantification of precocial

discriminate males and females .

species growth. However, postnatal growth rate varies

Methods

widely among species of birds [24]. Growth rates are

Study and Sampling Area

likely to be negatively related to the adult mass and
they are higher for altricial birds than for precocial
species [24, 25]. The study of the avian growth curve
and development is also important for comparisons
within and among species [26, 27].
Nevertheless, the study of

precocial species

growth has raised another important issue: since the
form of the avian growth curve varies considerably [28],
several mathematical functions have been used to
www.openaccesspub.org JIO
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is to investigate

(FPC,

[33])

to

This study was conducted in the period of time
2007-2014, from March to September in a wetland
located in the middle of the Royal Castle Park at
Racconigi (province of Cuneo in the Piedmont Region,
Northwestern Italy; 44°46’40’’N 7°40’28’’E). This area
consists of several streams flowing into a 110.000
square meters wide lake. The mallard ducks were
caught using three traps (with funnel-shaped openings
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and corn or wheat added for bait) placed along the

their right leg at first capture. Recaptured birds

stream banks and checked daily.

underwent the same measurement procedures used

Morphometric Measurements

during the first capture. The sample consists of both

Traps

authorized

by

the

Institute

for

Environmental Protection and Research (ISPRA) can be
used to capture only ducklings whose size is larger than
that at birth, as the meshes of the nets allow a few days
old individuals to escape. The smallest weight recorded
is 220 g. For this reason and to avoid injuring the newly
hatched by acting on nests, we did not ring newly born
duckling in their nests. As consequence of that, we do
not know their weight at birth. The body mass, tarsus
length, bill length and the bill + head length (BH) were
measured for all the birds following Baldwin et al. [34]
and Blakeslay et al. [35]. The tarsus length was
measured from the middle point of the joint, between

adult and juvenile Mallard ducks, which were born in the
same year of capture and recaptured, but at least twice
in the period from May to September of the same year.
Birds in their first year of life were recognized from
aspect of plumage [31]. Mallard ducks are born without
feather and covered in a bicolored down. They show
pale yellow-buff underparts, tinged cream-buff on chest
and sides of body, as well as the forehead, the crown,
the nape and lores. Furthermore, they show a streak,
from eye through nape, a short dark sepia patch with
slight olive tinge streak from hind cheek to hind neck
and a smaller pale yellow patch on the rump.

Functional Data Analysis
FDA can be used to represent raw data which

the tibia and behind the metatarsus to the nearest 0.1
mm, using a pair of callipers with toes held at right

are recorded at discrete times

as

tik a suitable

angle to the tarsus [34]. In a similar manner, the

continuous function. This type of smooth curve is then

head-bill length was measured to the nearest 0.1 mm,

fitted to the discrete observations so as to approximate

from the back of the head to the tip of the bill. The bill

a continuous underlying process [38]. In order to obtain

length was measured to the nearest 0.1 mm, from the

a good continuous-time function and reduce the noise in

tip of the bill (culmen) to the most anterior point of the

measurements [39], we used based-expansion methods,

feathering on the forehead. Measurements of weight

and applied B-spline expansions for modeling the growth

were made to the nearest 5 g [35].

of observed Mallard ducks.
B-splines can be used to approximate m discrete

By following Keller & van Noordwijk [36] we
used the mean adult size to estimate the predicted size

time

series

(indexed by i=1,…...m) by means

(asymptote) for each morphological feature of Mallard

of the basis expansions

ducks. Both the adult and the juvenile ducks under
study were from the same population and they were
measured over the same time interval. The average
weight of Mallard ducks at the first day of life is of 32.4
g [37]. Because of the lack of measurements, we have

where t belongs to the time-interval [a, b] and

no piece of information about the considered parameters

number of B-splines bj(t), which

in the Mallard ducks pre-fledging phase. As the values of

minimizing the Penalized Sum-of-Squares Error (PSSE).

the

mentioned

parameters

are

not

available

for

newborns, we have used values obtained from the
observations

taken on a sample of 17 newly born

Mallard ducks. These Mallard ducks belong to the same
population and are born from abandoned eggs, which
have been rescued and incubated until birth. The first
day of post-hatching life was labelled as day 1. We aged
the juveniles basing on their weight and the curve

is the

are obtained by

PSSE is the sum of two terms: the first
represents the sum of squared approximation errors,
which decreases as the B-spline approximation better
fits the data; the second is linked to the strain energy
(for details see Giammarino & Quatto [11]).
Besides, we have considered functional principal
components (FPC), which are orthonormal functions
useful to approximate m smoothed curves x i(t) through

proposed by Giammarino & Quatto [11].

the expansions

Ringing Procedure
We ringed Mallards with a metal ring tied on
www.openaccesspub.org JIO
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maximum and the growth rate for the tarsus obtained
(xi (t)) from FDA at given time points (age =t): 10 days:
30,6 (24,3 - 39,7), 20 days: 36,8 (29,1- 43,5), 30 days:
39,8 (33,9-44,0) and so on up to 100 days: 43,7

where

(43,7-43,7).
In Table 2, the same statistics are shown for the
bill: 1 day, 10 days: 24,7 (20,0 - 38,4), 20 days: 32,3
(25,6 - 45,0), 30 days: 37,8 (31,1 - 46,6) and so on up

is the mean function, n is the number of orthonormal

to 100 days: 53,8 (51.2 - 56.5).

functions ej(t) and

Table 3 shows these statistics for BH at the time
points 26 day, 10 days: 53,0 (44,7 - 59,0), 20 days:
67,4 (52,0 - 76,5), 30 days: 79,6 (60,7 - 92,5) and so on
up to 80 days: 109,4 (107,0 - 109,4).

are the FPC scores. The FPC ej(t) are selected so as to
maximize the variance of the m values

Thanks to these data, we have been able to
draw the average growth curve for each parameter.
These are given in Figures 1-3. As far as tarsus is
concerned, most of the curves is convex. The average
curve reaches the asymptote at fledging age. However,
from inspection of both the curves which show higher
growth speed and the maximum values of the pertaining
table, we can see that some individuals reach the

.
Interpretation of the FPC is aided by plotting the two
curves

asymptote

at

a

precocious

age

(20

days).

The

asymptote is reached tardily for the bill (60-70 days as
shown in Table 2). Also the related curves are less steep
and some of them have a sigmoid trend. The asymptote

and by rotating the FPC by using the VARIMAX strategy
(Ramsay & Silverman 2005).

for BH is not even reached at the age of 80 days (see
Table 2), most of these curves are convex and only a
few of them are of sigmoid type.

We first considered all individuals that had been
caught at least three times. For each of them, we built
growth curves for tarsus, bill and BH. By fitting a FDA
model, we obtained the average growth curves.
Finally, in order to represent functional data in a
parsimonious way and discover the principal source of
variation, we have performed the FPC analysis described

Figure 4 shows the growth mean curves of the
three morphological features for comparison.
Besides, for all parameters the daily growth
extent has been computed.
Figure 5 provides a comparison of the daily gain
curves of the three morphological features.
Finally, Figures 6, 7, and 8 show the results of

above [33].

FPC analysis for tarsus, bill and BH respectively. The first

Results
A total of 21 immature individuals and 98 adult
individuals were measured. Not all parameters were
recorded for some birds in order to speed up the
procedure and not to stress ducklings.
The asymptotes were 43,3 mm for tarsus, 53,1 mm for
bill, 112,0 mm for BH and 1053,3 g for weight.
In Table 1, we show the basic statistics, like the

two

principal

components

explain

97,6%

of

the

variability for tarsus, 97,1% of the variability for bill, and
98,7 of the variability for BH.
Looking at Figure 5 we can see that the speed
of tarsus growth tends to zero before the other two
curves. The bill and also the BH continue to grow after
fledging and reach adult values at about 80 days for bill
(Table 2) and over 80 for BH (Table 3). The tarsus at

mean, the standard deviation, the minimum, the
www.openaccesspub.org JIO
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Figure 1. Growth curves and the mean curve (red) related to tarsus
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Figure 2. Growth curves and the mean curve (red) related to bill

Table 1. Mean, standard deviation, minimum, maximum and growth rate of tarsus
Tarsus

Day

N

1

15

20,0 (20,0-20,0)

0,0

10

15

30,6 (24,3-39,7)

4,3

20

15

36,8 (29,1-43,5)

4,1

30

14

39,8 (33,9-44,0)

2,9

40

14

41,6 (38,5-44,3)

1,8

50

13

42,5 (39,7-44.4)

1,5

60

8

42,2 (39,9-43,6)

1,4

70

3

43,0 (41,8-43,5)

1,0

80

2

43,6 (43,6-43,6)

0,04

90

2

43,6 (43,6-43,7)

0,04

100

2

43,7 (43,7-43,7)

0,04
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Figure 3. Growth curves and the mean curve (red) related to BH

Table 2. Mean, standard deviation, minimum, maximum and growth rate of
bill
Bill

Day

N

1

19

15,0 (15,0-15,0)

0,0

10

19

24,7 (20,0-38,4)

4,7

20

19

32,3 (25,6-45,0)

5,1

30

18

37,8 (31,1-46,6)

4,5

40

18

41,9 (36.7-48.3)

3,8

50

17

45,8 (38,9-52,9)

3,6

60

13

48,8 (45,1-52,9)

2,1

70

8

51,0 (46,7-54,3)

2,4

80

3

52,9 (51,0-55,5)

2,4

90

2

53,7 (51,1-56,2)

3,6

100

2

53,8 (51,2-56,5)

3,7
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Figure 4. Average growth curves of tarsus, bill and BC.

Figure 5. Daily gains of the tarsus, bill and BC.
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Figure 6. Functional Principal Components related to tarsus

Figure 7. Functional Principal Components related to bill
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Figure 8. Functional Principal Components related to BH

Table 3. Mean, standard deviation, minimum, maximum and growth rate of BH
BH

Day

N

1

15

38,5 (38,0-38,5)

0,1

10

15

53,0 (44,7-59,0)

4,9

20

15

67,4 (52,0-76,5)

8,1

30

14

79,6 (60,7-92,5)

9,3

40

14

89,8 (71,8-106,3)

8,7

50

12

96,7 (87,3-108,5)

5,6

60

10

103,5 (99,4-108,1)

2,7

70

6

105,5 (101,8-109,4)

2,5

80

2

109,4 (107,0-109,4)

3,4
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fledging (50-60 days of life according to Cramp [31]) is

the paw skeleton is more developed than wing skeleton

98,1% of asymptote (at 50-60 days old), bill at fledging:

at the hatching [39]. In Dotterel (Charadrius morinellus),

86,2% (at 50 days) and 91,8% (at 60 days), BH: 86,3%

precocial species, the chicks hatch with tarsus, bill and

(at 50 days); 92,4% (at 60 days).

BH well developed, but a poor wing development [23].

Discussion and Conclusion

It can be assumed that the whole skeleton,

Most of the vertebrate growth curves described
in literature are of determinate type. This kind of model
is characterized by a reachable maximum size which
animals during their growth progressively tend to attain
by reducing their growth speed. For this reason this
model is also called asymptotic [30]. Such a model is
valid for bacteria, all birds [24], [40], fish [41], bugs and
most of mammals [42], [43]. The way the animals
approach the asymptote during their growth can be
described by different curves, like the exponential, the
logistic and the sigmoid curve.
The results provided in this paper supplement
and complete those concerning the average growth
curve

of

weight

of

mallard

ducks

provided

by

Giammarino & Quatto [11]. Starting from the mentioned
work, where it is proved that the weight represents a
valid indicators of the age of mallard ducks, in this paper

along with the tarsus, reaches final size after fledging,
with rates of growth which vary for different skeleton
sectors

depending

on

the

type

of

juvenile

locomotion [30]. Indeed, it is difficult to think that, being
the pelvic belt already developed, the muscles involved
in flight work by clinging to bone segments not mature
yet. Mallard ducks’ tarsus may grow faster than other
parameters because these birds need to move as fast as
possible both on the ground, to escape from predators,
and in the water to search for more effectively food at
that time of the life when their wings are not functional.
In mallard ducks the weight increase after
fledging and this could be due mainly to the muscular
component induced by flight itself. However it seems
that weight starts increasing later than in other birds,
probably for the same growth of those muscles engaged
in flight.

we have used functional data analysis (FDA) to

In

our

analysis,
species

bill

exhibit

growth
this

seems

protracted.

capture/recapture so as to build growth curves for other

strategy [47, 48], while others present a higher growth

parameters.

speed [23]. No hypotheses have been done forward to

In our analysis the trend of the average curves

Many

the

determine the age of these birds at the moment of their

type

of

explain this difference.

for the three parameters under study is the convex type

The FPC analysis performed on tarsus, bill and

(see Figure 4). The curve relative to tarsus reaches the

BH leads to divide the group under analysis into two

asymptote both faster and precociously (in some Mallard

sub-groups: one of which seems to grow more rapidly

ducks already apparent at day 20 of life: see Table 1).

than the other.

In fact the individual growth curves relative to tarsus are
steeper than the others (Figure 1).

In fact, one part of the wild ducks is over the
average of the group (which is zero), another is below.

Rapid tarsus development is not unique to
mallards and may be related to an efficient early

It is reasonable to suppose that the two distinguished
groups are respectively males and females.

locomotion in a variety of avian taxa [44]. This effect
has been observed also in (Strix occidentalis) [20], Bald
eagles (Haliaeetus leucocephalus; [45]), Burrowing owls
(Athene cunicularia; [46]), and in waders [23].
Muscle tissue is supposed to develop before
skeletal tissue and it is assumed to be the factor that

We have obtained encouraging results for 11
out of the 12 mallard ducks on which the all three FPC
were carried out. In fact the result is encouraging since
9 have results shared by two FPC (while the third
provides uncertain results), for 2 Mallard ducks on all the
FPC. Only one duck shows as uncertain (CH 9967).

influence the skeleton rate development [25]. In
precocial species the leg muscle is functionally more
important. In Larus californicus, semiprecocial species,

www.openaccesspub.org JIO
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growing Mallard ducks.

curves of wild Mallard, based on functional analysis

Functional analysis of capture-recapture data
has been shown to be an effective approach for
representing the growth curves and the daily values,

of capture–recapture data. Ringing and Migration,
DOI: 10.1080/03078698.2017.1332299
12. Reznick,

D.

(1982).

Genetic

determination

of

even if observations are relatively few and the dates of

off-spring size in the gruppy (Poecilia reticulate) .

birth are not known with precision. This approach could

The American Naturalist. 120, 181-188.

be usefully employed for studying the growth of other
animals (in addition to avian species), when standard
methods are not applicable, for example in the case of
precocial species or species which are hard to recapture
before they reach the adult size.

13. Elliott, J.M. (1989). Growth and size variation in
contrasting population of trout Salmo trutta: an
experimental study on the role of natural selection.
Journal of Animal Ecology. 58, 45-58.
14. Neat, F., Fowler, K., French, K. and Partridge, L.
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