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The fossil record is one of our only direct insights into the
lives of extinct species. In recent years, the development
of biomechanical and aerodynamic models has allowed
us to ask specific questions that the fossil records alone
cannot answer. Pelagornis was a Palaeocene marine bird
characterized by a large bill with pseudo-teeth, which has
generated debate about the way it may have fed. Here, we
assess the idea that Pelagornis could have fed by skimming,
a feeding behaviour seen almost exclusively in modern
skimmers, Rynchops (Aves). Using biomechanical models and
morphological measurements of the bills of two Pelagornis
species, Pelagornis chilensis and Pelagornis sandersi, we show
that Pelagornis could not have met the energetic requirements
of skim-feeding. Additionally, we show that Pelagornis could
not have overcome the drag induced by picking prey from
the surface of the water, shedding doubt on the possibility
that Pelagornis could have fed from the water’s surface. Our
results refute the hypothesis that Pelagornis could skim-feed
and illustrate how biomechanical models can be used to infer
ecological interactions of extinct species.

1. Introduction
The fossil record is one of our only insights into the ecologies,
lifestyles and evolutionary history of extinct taxa. Comparisons
of morphological features in fossilized extinct and extant species
have allowed many conclusions to be drawn on how extinct
species lived. However, physical comparisons alone can often
only reveal a partial picture. The use of biomechanical models
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raises the intriguing prospects of uncovering the lifestyles of extinct species in greater detail; such
models have already been applied to assessing locomotion [1–5] and feeding mechanics [6–9] of extinct
taxa.

Pelagornis is a genus of the extinct marine bird family Pelagornithidae from the Palaeogene [10,11]
and exhibits one of the largest wingspans thought to have existed in flighted birds, estimated to
be up to 6 m [10,12]. Pelagornithidae are also characterized by the possession of a unique dentary
of bony pseudo-teeth [10,13]. It is this unique characteristic, which first raised questions about their
ecology, specifically their diet and feeding behaviours [13,14]. It is thought that Pelagornis fed on fish
and soft-bodied invertebrates [13,15]; however, the mechanism by which Pelagornis captured its prey
is uncertain, leading to a number of hypotheses. It has been suggested that Pelagornis pseudo-teeth
could have been for nest raiding or kleptoparasitism [12]. Alternatively, and more similar to close
relatives like Procellariformes, Pelagornis could have taken prey from the water’s surface [16,17], using
its hooked maxilla [13] and size-varied pseudo-teeth to grasp prey [18]. In a similar thinking, several
studies have postulated that Pelagornis could have fed by skimming [10,19–21], supported by the
presence of an intraramal joint allowing greater kinesis of the lower mandible [19,22].

Skimming is a feeding mechanism where the lower mandible is partially submerged in the water
during flight [16,23,24], seen almost exclusively in extant species belonging to the genus Rynchops,
the skimmers. Although skimming-like behaviours have been recorded in terns and some gulls, it
is uncommon [25,26]. The skimmer bill is highly adapted to their unique feeding behaviour, with
the lower mandible being markedly longer than the upper mandible and compressing into a vertical
blade [16,24] with riblet structures along the bill to reduce drag [27]. In comparison, the Pelagornis bill
shows no evidence of such lateral compressions, and a relatively blunt bill tip brings into question its
capability of skimming-like behaviours; however, no biomechanical study has ever tested the validity
of the skimming-foraging behaviours in Pelagornis.

Developments in the use of biomechanical models for the interpretation of ecological interactions of
extinct species provide us with an opportunity to test the idea that Pelagornis was a skimming feeder.
As previously demonstrated in pterosaurs [9], hydrodynamic and aerodynamic theory paired with
morphological measurements can be used to estimate the effect that drag from skimming can have on
the flight of a species. Here, we use methods from [9] to test if two species of Pelagornis, Pelagornis
chilensis and Pelagornis sandersi could overcome the energetic demands of skimming. We estimate the
resulting drag on the bill caused by skimming, then scale the estimated power required for flight by
this drag. This gives us an estimate of the metabolic power required for flight while skimming, Pmet.
While flying close to the ground or the surface of the water, birds experience the wing-in-ground effect,
where circulating air currents become trapped between the surface and the wings. Such an effect will
occur while skimming and can reduce the energetic burden of flight. We estimate the effects of this
phenomenon on Pmet and scale the power accordingly.

We compare the results of Pelagornis to those of a modern-day skimmer species, Rynchops niger
cinerascens, a subspecies of black skimmer, to illustrate the difference in skimming ability. Ksepka
speculated whether Pelagornis would have been able to feed in a similar manner to the largest volant
extant birds, such as the albatross, while noting that it was debatable Pelagornis would have been
able to take off from the sea surface [12]. Other extant birds can pick food objects off the surface of
the water without having to land, such as a frigatebird, or just under the surface of the water while
remaining in flight, sometimes referred to as air or contact dipping [28]. However, there is yet to be a
model that describes such behaviour in birds. To give an indication of Pelagornis ability to sustain flight
while capturing food from the surface, we use our skimming model to assess Pelagornis’s flight ability
with reduced proportions of the bill breaking the water, 10% and 5%. We compare Pelagornis’s ability
with that of two pelagic bird species under the same 10% or 5% submersion model, the black-footed
albatross (Phoebastria nigripes) and the magnificent frigatebird (Fregata magnificens).

2. Material and methods
2.1. Data collection
Mass estimated for P. chilensis was taken from [19], and from [12] for P. sandersi; both references
used the scaling relationship between mass and femoral circumference. Wingspan for P. sandersi was
likewise taken from [12], taking the mid-point from an estimated range. Wingspan for P. chilensis was
taken from [19]. Published photographs of the jaw were taken from [19] for P. chilensis and [12] for
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P. sandersi. Jaw measurements were taken from published photographs of specimens for each species
using the software ImageJ [29]. Multiple measurements were taken for the total jaw length, tip width
(the length of the tip of the mandible measured from one lateral side to the other), chord length
(measured on the ventral side of the mandible from one lateral side to the other) and bill thickness
at 19%, 10% and 5% for the jaw length (measured on the lateral side of the jaw, dorsal to ventral
edge). Data for modern birds were collected from a variety of sources: Rynchops wing and bill data
from [9], F. magnificens and P. nigripes wing data taken from [30], F. magnificens bill measurements were
made of photographs from [31] using the software ImageJ [29], and P. nigripes bill measurements were
taken from three-dimensional scans available through MorphoSource (https://www.morphosource.org/
[OUVC]:[WitmerLab]:[10 905], ark:/87602 /m4/M78049), measured with MeshLab [32]. All data can be
found in the electronic supplementary material, data S1.

2.2. Drag modelling
Below, we outline the model describing drag created by skimming, estimates of flight power parame-
ters and influence of the wing-in-ground effect. Simple models can adequately illuminate the basic and
fundamental principles of locomotion [33,34], while we acknowledge that more complex models exist
(e.g. accounting for wing kinematics [35]), which require additional assumptions that are difficult, if
not impossible, to formulate with data from extinct organisms.

To model the drag on the bill induced by skimming, we follow methods by Humphries et al. [9]
adapted from Hoerner [36], modelling the bills as surface-piercing struts. Throughout, the mandible
was assumed to be inclined at a 45 degree angle in a downwards direction [23].

We estimated the total drag acting on the submerged bill (Dtot) by summing three drag components
associated with skimming: bill profile drag (DproB), spray drag (Dspray) and drag owing to ventilation
(Dvent). We follow the assumptions of Humphries et al. [9] that the effects of wave drag are negligible
and thus can be ignored:

(2.1)Dtot =  DproB +  Dspray +  Dvent,

DproB represents both the friction and pressure drag acting on the bill and is found using the equation,

(2.2)DproB = 0.5ρwV2SbillCdproB,

where ρw is the density of water, V is the velocity of the bill, Sbill is the frontal projected area of the bill
and CdproB is the coefficient of bill profile drag. CdproB, and thus DproB, is dependent on the Reynolds
number (Re), a ratio of inertial to viscous forces used to predict fluid flow patterns [37]. We describe the
Re dependence of CdproB of the bill using the following equation except when 104 ≤ Re ≤ 107, where the
coefficient of the bill profile drag (CdproB) is approximately constant [38]. We follow the assumption of
Humphries et al. [9] that Rynchops bill should be modelled on a thin plate in laminar flow.

(2.3)CdproB = 2CfL
ctmid

,

where CfL is the coefficient of skin friction drag for laminar flow, 1.328/Re1/2, c is the chord and tmid is
the thickness of the bill at the midpoint between the tip and water surface.

Spray drag is induced when the bill breaks the surface of the water and is dependent on Froude
number (Fr), a measure of the ratio of inertial and gravitational forces [9]. Again, we follow Humphries
et al. [9] assumption that when Fr< 3, the effects of spray drag are negligible (Fr < 3, Dspray is assumed
0) and are only estimated when Fr ≥ 3

(2.4)Dspray = 0.5ρwV2tint
2 Cdspray,

where tint is the thickness of the bill at the water surface interface, being the thickness of the tip of the
bill, and Cdspray is the coefficient of spray drag, which at Fr ≥ 3 is constant at the order 0.24 [9].

Finally, drag owing to ventilation is associated with the drag created by areas or pockets of negative
pressure behind the moving object.

(2.5)Dvent = 0.5pwV2SbillCdvent,

where Cdvent is the coefficient of ventilation drag and is found using the following equation,
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(2.6)Cdvent =  gdV2 ,

where g is the acceleration due to gravity (9.81 m s−2), and d is the depth at which the tip of the bill
penetrates the water; this is measured at 5%, 10% and 19%.

The above drag estimations are modelled on a flat plate under laminar flow (a hydrodynamic
model), such to describe the hydrodynamic drag experienced by the skimmers [9]. Drag estimations
were also modelled on a NACA 0012 aerofoil with a blunt leading edge (an aerodynamic model), more
in line with the blunt nature of the Pelagornis bill, which differs only in the calculation of the coefficient
of bill profile drags calculation. CdproB in both contexts is dependent on the Re number, when Re ≤105

(2.7)CdproB = 2CfL
ctmid

+ 2CfL + tmidc .

When Re > 105

(2.8)CdproB = 1 + 2 tmidc + 2CfT
ctmid

60 tmidc 4
,

where CfT is the skin friction drag for turbulent flow:

(2.9)CfT = 1
5.5 − 3.46 Log(Re 2)

.

2.3. Flight modelling
We estimate the metabolic power required for powered flight (Pmet) using a flight model developed by
[37].

(2.10)Pmet = 1.1 PmechEFM
+ PBMR .

Pmet is a product of the total mechanical power expended (Pmech), the flight muscle efficiency (EFM),
and basal metabolic rate (PBMR). EFM represents the metabolic power consumed by the flight muscles
(an efficiency term related to the mechanical cost) and here is set as a commonly used constant of 0.23
[39]. We use a scaling relationship with mass to estimate PBMR, PBMR = 3.277 M0.624 [1,40]. The total
power requirement is a product of three parameters; profile power (Ppro; a multiple of the absolute
minimum power), parasitic power (Ppar; power to support the weight of the body) and induced power
(Pind; power to overcome the drag of the body) [37].

(2.11)Pmech =  Ppar + Pind + Ppro,

where;

(2.12)Ppar =  
ρV3SCdbody

2 ,

where ρ is the air density (1.23 kg m−3), V is the velocity, S is the frontal projected area calculated from
a scaling relationship with mass (S = 0.00813 M0.666) [39] and Cdbody is the body drag coefficient. We use
methods by [2] who calculate Cdbody as a product of the lift surface (Warea/S),

(2.13)Cdbody = 0.01 WareaS ,

where Warea is the wing area, estimated from the wingspan (W2 aspect ratio−1) according to [37]. We
report results using an aspect ratio of 11, similar to that of modern albatross [41]. Alternative higher
aspect ratios were tested with minimal impact and no effect on the qualitative results of the study. The
induced power (Pind) is a product of the weight of the bird (Mg, mass given the acceleration due to
gravity), wingspan (W), air density (ρ) and the induced power scaling factor (k = 1.2). Pind has been
found to be underestimated in birds given the use of a helicopter model, which estimates Pind based on
the air flowing over a wing disc (actuator disc) [37]. However, it is impractical, and in extinct species, it
is impossible to calculate the induced power directly, such as in a wind tunnel. Therefore, the actuator
disc estimate of induced power is used as a minimum baseline and scaled by a factor, k [37].
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(2.14)Pind =  
2k Mg 2

πW2Vρ .

Finally, the profile power is a product of the profile power constant (8.4) [37], the wing aspect ratio
(AR) and the absolute minimum power (Pam):

(2.15)Ppro =  8.4
AR Pam,

(2.16)AR =  W2Warea
,

where Pam is found as the sum of the parasitic and induced power at their minimum power speed
(Vmp), the speed at which the power required is the lowest [42].

2.4. Modelling wing-in-ground effect
When flying close to the ground, the wings experience an ‘in-ground effect’ because of interactions
between air movement and the water or land surface, which alters the aerodynamic properties of
the wing, significantly affecting flight performance [43]. We account for this by correcting the total
mechanical power (Pmech) for the ground effect by incorporating the coefficients δ, the reduction in
drag owing to ground effect [9], and Dge, a factor to describe the increase in circulation of air around
the wing owing to ground effect [9,43]:

(2.17)Pge =  
PmechDgeδ ,

where δ is the relative drag, and Dge is the total drag corrected for the in-ground effect [9], a product of
the relative circulation (γ) and scaled velocity (v):

(2.18)δ =  1
2v2 + v2

2 ,

(2.19)Dge =  
γ2 1 − σ

2 + v2

2 ,

where;

(2.20)γ =  
V − V2 − 2τrD

1
2

τrD
,

(2.21)v =  VVmp
,

where V is the velocity, Vmp is the minimum power speed, the velocity at which the power cost is
minimized [9,42], σ is the induced drag of the in-ground effect and τ is a circulation factor owing to the
in-ground effect. τ and σ are derived graphically as a function of height/semi-wingspan (β = h/b) [43].
rD is the minimum drag-to-weight ratio.

(2.22)rD = 2
Cdbody

πAR

1
2

,

where Cdbody and AR are derived using equations (2.13) and (2.16).
Pge in equation (2.17) is used to scale the power output of flight, which provides us with a new total

mechanical power output (Pmech) that accounts for the in-ground effect. We can then use this Pmech in
equation (2.10) to estimate the metabolic power required for powered flight with the in-ground effect.

3. Results
Our models do not incorporate the pseudo-teeth of Pelagornis; however, we can assume that the
presence of teeth would cause increased drag on the bill, disrupting any laminar flow of the
water around the bill and creating additional energetic costs. Previous work has indicated that a
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hydrodynamic model presents a good fit to the empirical data for skimmers [9], in line with this work,
we report drag values for Rynchops from hydrodynamic drag models. Estimates of the total drag on
the bill induced by the immersion of the lower bill while skimming for Rynchops showed an increase
of 0.18 N, increasing from 0.04 to 0.22 N (black line in figure 1a) between the speeds of 1.8–6.8 m s-1, a
range benchmarked against empirical measurements in a prior study [9]. However, it is paramount to
note that we expect the range of optimal speeds for Pelagornis to differ from Rynchops, given the size
difference between the species (electronic supplementary material, data). In comparison, P. chilensis
experiences an 8-fold increase in drag from 4.85 to 39.86 N (figure 1b, black line) while P. sandersi
experienced a 9-fold increase from 32.05 to 305.89 N (figure 1c, black line), most likely owing to P.
sandersi’s larger and wider bill.

We estimated the total metabolic power consumption of flight (Pmet), including the drag induced by
skimming with the bill submerged at 19%, which is observed in the skimming of Rynchops [9]. Rynchops
was found to have a minimum Pmet of 14.5 W during skimming (figure 2, black triangle), a 1.4 ×
increase from 10.3 W during flight away from the water surface (figure 2, black circle). The minimum

Velocity (m s-1)

)
N(

g
ar

D

(a)

(b)

(c)

1

3

Figure 1. Measurements of the total drag induced by skimming on the bills (grey silhouettes) of Rynchops (a), Pelagornis chilensis
(b), and Pelagornis sandersi (c) over a range of velocities. Dashed lines are drag estimates from fluid dynamic models, the black is an
aerodynamic model and the red is a hydrodynamic model (thin-plate approximations). We see a shift in the aerodynamic modelled
drag (black dashed line) in Rynchops owing to a shift in the Reynolds number regime within our model (see §3). Grey silhouettes
represent scaled transverse images of the bill to give a comparison of size and shape.
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Pmet of P. chilensis was estimated to double from 551.0 to 1032.9 W with 19% of the bill submerged
(figure 2, blue points) and in P. sandersi this was shown to triple from 830.3 to 2512.9 W (figure 2,
green points). Pelagornis could have performed different feeding mechanics at various bill submersion
proportions, as reported for albatrosses [45] and frigatebirds [46], which are known to take prey from
the water surface, submerging less of their bill than the 19% seen in Rynchops (figure 2, orange and
pink). We therefore estimate the minimum Pmet when the proportion of the bill submerged is at 10%
and 5%, to test if Pelagornis could sustain flight with a reduced proportion of its bill submerged. We see
a drop in the minimum Pmet for both Pelagornis species when the submerged proportion of the bill is
reduced to 10% (1180.0 W for P. chilenesis, 1995.2 W for P. sandersi) and a reduction again when this is
reduced to 5% (873.3 W for P. chilensis, 1342.4 W for P. sandersi).

Rynchops, both in skimming and in normal flight, sits well below the theoretical and estimated
maximum available metabolic power (figure 2, dashed and dotted lines), being the maximum amount
of power a bird can output [44]. Sitting below these lines signifies that the bird can meet the amount
of power expended during flight, sitting above suggests the bird cannot meet the energetic demand
of the task. Similarly, compared to Rynchops, but at reduced bill submersion proportions, frigatebirds
fall below this threshold, indicating their ability to meet the energetic needs to remain in flight while
having a proportion of their bill submerged. Frigatebirds are known to pluck food items from the
surface of the water, not needing to submerge more than a small proportion of the bill [46]. Albatross
with a bill submersion of 5% sit just above this threshold (figure 2, pink triangle). Albatross are known
to land on the sea surface to catch fish and to consume their prey [47], taking off from the surface
of the water afterwards. Both P. chilensis and P. sandersi sit above this maximum metabolic power
estimation, even after reducing the proportion of the bill submerged. The only occurrence of these
species sitting below the estimated maximum metabolic power (figure 2, dashed line) is during normal
flapping flight without submersion of the bill and including wing-in-ground effects, which reduce the
energetic burden of flight [43]. We use measurements of masses derived from femur circumferences,
and median values of estimated wingspans in our estimation of Pelagornis flight ability (see §). To

Figure 2. Estimated metabolic costs (minimum Pmet) of five bird species against mass; black points, Rynchops; orange points, Fregata
magnificens; pink points, Phoebastria nigripes; blue points, Pelagornis chilensis; green points, Pelagornis sandersi. Filled circular points
describe the metabolic cost in flapping flight and crosses the metabolic cost during flapping flight experiencing a wing-in-ground
effect both without any bill submersion. Triangle points describe the metabolic costs of flight with the bill at 19%, 10% and 5%
submerged in the water. Dashed black line indicates the estimated maximum available metabolic power (54.144 M0.739) [44], dotted
black line the theoretical maximum available power (47.126 M0.605) [44].

7
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 13: 251840

Downloaded from http://royalsocietypublishing.org/rsos/article-pdf/doi/10.1098/rsos.251840/5728146/rsos.251840.pdf
by guest
on 15 May 2026



assess if changes to these measurements would allow Pelagornis to fall further below these maximum
power thresholds, we estimated the power required for powered flight, using ranges reported for both
mass and wingspan (electronic supplementary material, data S1). We find that even in cases where the
smallest mass estimate and largest wingspan estimate were used, qualitatively our results remain the
same (electronic supplementary material, figure S1).

4. Discussion
Drag on the bill of Pelagornis while skimming is orders of magnitude greater than that experienced by
Rynchops, even without the consideration of Pelagornis’ pseudo-teeth, which would induce a considera-
ble amount of additional drag. We demonstrate here that neither P. chilensis nor P. sandersi would have
been able to meet the energetic requirements to overcome the drag induced by skimming at a variety of
bill submersion depths. The evidence presented here refutes the hypothesis that Pelagornis could have
foraged by skimming [19,20] and also draws doubt on whether Pelagornis could take prey from the
water’s surface.

There remains to be an aerodynamic model that can describe the behaviour of capturing prey
from the water surface. However, during such behaviours, the bill must be submerged partially in the
water during flight, which we can assess here using our skimming model to provide an indication of
whether Pelagornis could take prey from the water surface. When assessing species known to collect
prey from the surface, the magnificent frigatebird, we find that the frigatebird is capable of submerging
5% and 10% of its bill within its energetic capabilities. Species, such as the albatross, alternatively are
known to dive in the water after their prey or hunt while sitting on the surface [48]. We find that for
albatross to sustain flight while having their bill submerged, even as little as 5%, would probably be
very energetically costly, if not above its energetic capabilities. Our model illustrates that even at a
greatly reduced submersion of the bill (5%), Pelagornis would not have been able to meet the energetic
requirements to sustain flight, casting doubt on Pelagornis ability to capture prey from the water’s
surface on the wing.

It is possible for birds to exceed their maximum metabolic power limit through short periods
of anaerobic metabolism to overcome energetically expensive flight scenarios, such as short-distance
low-speed flight, such as in take-offs and some feeding manoeuvres. Physiological adaptations (such as
in the composition of muscle fibres) can increase a bird’s ability to overcome its maximum metabolic
power limit, if only for a brief time [44]. Behavioural adaptations, such as perching-hunting seen in
bats [49], allow flying animals adequate time to recover from large expenditures of energy. Whether
Pelagornis possessed the ability to overcome its metabolic power limit either through physiological or
behavioural adaptation is difficult to determine from the fossil evidence alone, but it is a possibility,
nonetheless. However, the power required for Pelagornis to successfully skim-forage sits substantially
above the maximum metabolic line (figure 2—logged axes), meaning any physiological mechanism
would have to meet a considerably large power threshold.

Alternative feeding hypotheses have been discussed, such as kleptoparasitism, also seen in frigate
birds [46], and nest raiding as a potential feeding mechanism for Pelagornis [12]. Both would be
aided by its pseudo-teeth, which in a skimming form of feeding would cause a substantial amount of
additional drag. Alternatively, Pelagornis could have taken on a more predatory role, such as that of the
great skuas, which readily and aggressively attack other birds such as puffins and gannets [50,51].

The powered flight capabilities of Pelagornis have been previously assessed, with doubt shed
on whether Pelagornis would have been able to meet the energetic demands of sustained powered
flapping flight [12]. In concordance with prior findings, we find that it was likely Pelagornis would not
have been able to meet the energetic requirements of sustained powered flight (figure 2, blue and green
filled circles). Our findings suggest that Pelagornis may have been able to execute a form of flapping
flight close to the surface with assistance from the wing-in-ground effect, although energetically costly
(figure 2, blue and green crosses), only just sitting beneath the line of maximum available metabolic
power.

Pelagornis belongs to a unique extinct clade of toothed birds [52], a feature lost in modern taxa. We
reconfirm here the potential of biomechanical models in making inferences about species of the past
where the only insight into their lifestyles is the fossil record. Such methods present an opportunity
to broaden our understanding of ecologies in extinct species that could be applied to a range of other
avian or flying taxa.
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