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INTRODUCTION
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Like the footprints of dinosaurs, fossil tracks arates attributed to crocodylians and
their close relatives have received considerable atmtparticularly in recent years (Bennett,
1992; Moratalla et al., 1995; Fuentes Vidarte and Meifthlvo, 2001; Mazin et al., 2003;
Lockley and Meyer, 2004; McCrea et al., 2004; ErickX0b; Pascual Arribas et al., 2005;
Avanzini et al., 2007; Mateus and Milan, 2010; Milaalet2010; Contessi and Fanti, 2012;
Abbassi et al., 2015; Hadri et al., 2015; Rajkumar 2@15; Segura et al., 2016). Unlike
nonavian dinosaurs, which are so inconveniently extialbout thirty crocodylian species
remain (at least for now) extant (Grigg and Kirsh2éx,5), permitting both laboratory and field
observations of footprint creation by these animalsif Huene, 1913; Reineck and Howard,
1978; Padian and Olsen, 1984b; Kubo, 2008, 2010bg6tm 2009; Farlow and Elsey, 2010;
Kumagai and Farlow, 2010; Milan and Hedegaard, 2010ksTamcl traces of modern
crocodylians are of considerable use in field reseamth ecology, conservation biology, and
management of these big reptiles (cf. Riley and Heaheyer, 1999; Platt et al., 1990, 2006,
2009; Wilkinson and Rice, 2000; Oliveros et al., 2806@pson, 2006; Buden and Haglelgam,

2010; Chang et al., 2012, 2015; Gémez Velasco, F; BB1Qijen et al., 2013; Stuart and Stuart,
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2013; Sam et al., 2015). Comparisons of fossil tragkwf quadrupedal archosaurs besides
crocodylians (e.g. Haubold and Klein, 2000, 2002; épekid Meyer, 2000; Rainforth, 2003;
Gand et al., 2007; Porchetti and Nicosia, 2007; Romaab,&007; Avanzini and Petti, 2008;
Lockley et al., 2009; Marty et al., 2010; Petti ket 2010; Klein et al., 2011; Li et al., 2012;
Contessi, 2013; Boutakiout et al., 2014; Masrour aéE-Lorente, 2014; McCrea et al., 2014;
Xing et al., 2015) with modern crocodylian trackways el inferences about terrestrial
locomotion of the extinct trackmakers (Carpenter02). Consequently we believe that
detailed information about traces made by extant crocaalylspecies will be of considerable
value for interpreting traces attributed to living cratylians as well as those of ancient

crocodylomorphs and other quadrupedal archosaurs.

The American crocodil€focodylus acutyiss a large-bodied crocodylian, distributed
across southern North America, Central America, Higpaniamaica, Cuba, and northern
South America (Moore, 1953; Hernandez Hurtado et ab62Thorbjarnarson, 2010;
Balaguera-Reina et al., 2015; Grigg and Kirshner, 208tegas-Anaya et al., 2015). Like the
Australian estuarine crocodil€(ocodylus porosysC. acutuss highly tolerant of salt water

(Leslie and Taplin, 2000; Grigg and Kirshner, 2015).

For obvious reasons (mostly involving teeth and Yaitsost studies of track-making by
extant crocodylians have been based on small to mediizad individuals, carried out with
captive animals. We opportunistically encountered sav&ackways made by medium-sized to
large American crocodiles in Guanacaste Province ohn@stern Costa Rica, animals that

were not immediately influenced by the presence ofitans. Some of these trackways



displayed exquisitely registered footprints. Becaoféhe size and condition of these traces, we
made detailed observations and measurements of the tagks. Our results provide some
notion of the minimum range of variation that one cowgpect to encounter in trackways
known to have been made by conspecific crocodiles.algo made tentative comparisons of
our American crocodile trackways with those of otheinlg and extinct crocodylomorphs, and

with body measurements made on intact crocodiles afiidators.

Crocodylians use different gaits during terrestraldmotion, and may travel considerable
distances overland (von Huene, 1913; Cott, 1961; ZRig4; Bustard and Singh,

1977; Parrish, 1987; Frey, 1988, Whitaker and André@88; Gatesy, 1991; Richardson et al.,
2002; Renous et al., 2002; Campos et al., 2003; BaieGateby, 2013; Grigg and Kirshner,
2015). In this study we will be concerned mainly viith high walk of crocodiles on land, but

will offer brief comments about aquatic locomotion agated to possible underwater traces.

SITE DESCRIPTIONS

The trackways in this study were observed at the mouwthisvo estuaries, Estero
Tamarindo (10.309' N, -85.837 W) and Estero Ventata847' N, -85.860 W) (Fig. 1A). The
estuaries about 4.5 km apart, and both are encompadse®arque Nacional Marino Las

Baulas, on the Pacific Coast of Costa Rica.

Estero Tamarindo is a tidal estuary bordered by a margforest, which is replaced at
the mouth of the estuary by two sandy beaches: Playande to the North and Playa

Tamarindo to the South. All trackways near the estwegye observed on the Playa Grande side



at the seaward limit of the mangrove forest. Trackwagsgally extended 4 5 meters landward
(E}u 8Z A3 E[+ P U § AZ] Z w}]viE3hAv B} ESuENVE 3§} $3Z A § E
(Fig. 2). Because there is strong tidal flow of theiary close to its mouth, we hypothesize that

crocodiles are leaving the water to reduce energy exfiire in swimming against the current.

Estero Ventanas is only connected to the ocean duttiegrainy season (July
November). After the rains, the estuary mouth qujclities up, and the estuary becomes a
lagoon. The dry estuary mouth then constitutes a @omation of the sandy Playa Ventanas that
extends southward from the estuary. Most trackwayséhare made by crocodiles crossing the
dry river mouth of the lagoon, both to and from theean. There are multiple instances where
it appears that a single crocodile left the lagoon dgrihe night, returning to the lagoon by
early morning. We hypothesize that crocodiles are weing out of the lagoon to feed on fishes
or crustaceans in the shallow waters of the rockyatlige just north of the estuary mouth. We
have observed crocodiles occasionally swimming betwberVentanas and Tamarindo

Estuaries.

METHODS

Trackway Documentation

Keeping in mind our goal of maximizing the usefulressur study for comparison with

trackways of other living and extinct crocodylians anmd-erocodylian crocodylomorphs, we



present detailed qualitative and quantitative observatiowith explicit measurement protocols

(Fig. 3), in our description @frocodylus acutusackways.

Trackways were serendipitously discovered duringirmupatrols along the beaches of
Playa Grande and Playa Ventanas in search of trackwayshyadssting sea turtles. Because
the crocodile trackways were made in unconsolidated sénslas not possible to make
measurements directly on the individual prints oettrackways without disrupting them.
Measurements were instead made from digital photodragtaken with a Nikon COOLPIX
AW100 camera with 16 MP definition) shot from as medirectly above the trackways as
possible, with a numerical scale or other objeckonbdwn size in the images. Because it is
unlikely that our photographs were taken perfectly penglicular to the ground surface, our
measurements made from them are likely a bit off. tRermore, because conditions of lighting
at the time the photographs were made could not be goiied, the accuracy of measurement

was likely affected by how clearly visible the definreference points are in the images.

We tried to ensure as much consistency in measuremsas possible by having all of
them made by the same person (Farlow). Measuremem e made on 8 inch by 10 inch
printouts of digital photographs, using digital p&lis, metric rulers, and protractor, with linear
dimensions converted to their true size using rsler other objects of known size in the
printed photographs. For data analyses, linear dimensieeie converted from measurements
on the printouts to true size calculated to the nearesllimeter, but given the
abovementioned issues of accuracy and precision, suminackway measurements are

reported (Table 1) more conservatively, to the nedreentimeter, with averages (means,



medians) calculated to the nearest 0.1 cm. Comparisongng different images showing the
same features suggest that these are reasonable l@fgdsecision for most measurements of
our trackways (cf. Webb and Messel [1978] for measumasief crocodiles themselves).
Because of the possibility of image distortion at thegiphery of the camera lens, where such a
distinction could be made in our photographs we repoeasurements made when a footprint
or trackway feature was near the center of the imageweell as all measurements made on

that feature.

Where possible, overlapping digital images were Bétttogether in Photoshop to
create composite images of longer portions of trackeain some cases it was also possible to

use software to generate three-dimensional models af:kway$ (cf. Falkingham et al., 2014).

Because claw-bearing fingers and toes generally dugtlre substrate (cf. Kubo, 2008;
Kubo, 2010b), the distbl ends of the impressionsahus digits I-Ill, and pes digits I-11l, are not
the anatomical toetips. Thus measurement of true digitgths is impossidle, and so we do not
report the lengths of individual digit impressiomsfootprints. This also means that
measurements of footprint lengths are likely to Hgykt underestimates of the lengths of the
manus and pes that would be made on the autopodia ofdtezodile itself, with the digits

extended in a straight line.

We measured several footprint and trackway parameteragisie distalmost ends of
the digit impressions, as seen in surface expressisrihe reference points. We designate this
distalmost end of the surface expression of the digipression the toetip or terminus, but do

not identify this feature with any specific anatomit@hdmark. Due to variations in the
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footsubstrate interaction, the toetip / terminus witlot necessarily correspond to the same
anatomical feature of the foot from one print to theext; this extramorphological variability
introduces an unavoidable but minor element of subieity in footprint and trackway
measurements, forcing ad hoc decisions about exadtlgres a toe mark ended. Difficulties in
ascertaining where an impression starts and ends areun@ue to the tracks described herein,
and can have more significant effects when interpretiagks made by an uncertain track

maker (Falkingham 206

To facilitate comparison of our trackways with thogether crocodylomorph ichnites,
both modern and fossil, we will describe the way measurements were made as explicitly as

possible, and how they are similar to or differerdrfr other measurement protocols.

Manus Print Length: measured in a straight-line diséafiom the terminus of the digit Il
impression in a best-fit manner through the longsaaf digit 11l to the proximal edge (here
defined as the wrist) of the handprint. Manus priength was measured this way to make it as
closely comparable to the length of the manus as suead on live crocodylians as possible
(Farlow and Britton 2000; Kumagai 2010; Kumagai andw&010). Simpson (2006: #0
measured manus lengths 6focodylus siamensis a similar fashion, except that he excluded
the mark of the claw, while our digit Il terminus wdunclude at least the basal part of the
claw. Individual digit lengths were not measured besmof the inability to determine their

true lengths.

Manus Print Width: measured in a straight-line distafrcen the terminus ends of the

impressions of digits | and V. Manus print widthas constrained to be perpendicular to
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manus print length, unlike the protocol for measwygimanus width of Leonardi (1987: item 37
and plate V panel F). Simpson (2006: 40) measured nammiswidth of Siamese crocodiles in

a protocol like ours, except that he excluded the ctaarks in taking his measurements.

Manus Print Interdigital (Divarication) Angle I-V: arfglened by the intersection of best-fit line
segments drawn through the long axes of digits | antl te digit impression is curved,
greatest emphasis is placed on the more proximaliporbf the imprint, unless there is a sharp
bend (dog-leg) in the digital impression; should thatthe case, the best-fit line is drawn
through the distal portion of the impression. Thesbéit line is not constrained to pass through
either the terminus of a digit mark or the wrist tife handprint. These measurement protocols
appear to be consistent with those of Leonardi (1985m 56 and plate V panel G, plate VI

panels B-D) and Milan and Hedegaard (2010).

Pes Print Length: measured from the most postepioint on the heel impression to the

terminus of the impression of digit Ijl (sometimeslirding displacement rims of sdnd). Commented [PF4]: Why were displacement rims
sometimes included?

Footprint length is likely an underestimate of the ¢gh of the foot because claws dig into the
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of the claw. Our pes length measurement appears amd that of Leonardi (1987: items 33
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and 37, plate V panel F), and possibly that of Milan ancetiaakd (2010). Individual digit

lengths were not measured because of the inabilityletermine their true lengths.

Pes Print Width: measured across the terminal endhefimpressions of digits | and IV
(ignoring laterally directed claw marks presumably madhen the foot was lifted off the
substrate; see below). As with manus width, and urligenardi (1987: item 37 and plate V
panel F), pes print width is not constrained to bepgendicular to pes length, but in practice is
close to it. Our measurement of pes print width appesaimilar to that of Milan and Hedegaard

(2010).

Pes Print I-Ill Width: measured across the terminalsenicthe impressions of digits | and lil;
(ignoring laterally directed claw marks presumably madhen the foot was lifted off the

substrate). Simpson (2006), in contrast, measuredvgdth across the tips of digits II-1V.

Pes Print Interdigital Angle I-IV: angle formed byitttersection of best-fit line segments
drawn through the long axes of digits | and IV. Ifdigit impression curves distally away from
the midline of the footprint, greater emphasis iped on the proximal than on the distal end
of the impression in fitting a line segment to thigit long axis. Best-fit lines are therefore not
constrained to pass through the terminal end of thgitlimpression; neither are they

constrained to meet at the heel of the footprint.

Manus (Oblique) Pace: Distance from the terminus efdhyit 11l impression of one handprint

to the same point on the next handprint of the oppesside. For some analyses, a distinction
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is made between paces that end in a particular handprint, paces that begin with that

handprint.

(Opposite) Manus Stride: Distance from the terminusligit Il of one handprint to that of the

VES ZV %E]VS }(SZ «u ] XZdZ 35H] ]= Z2}®%}]5 _ pe v
comparisons of manus stride against manus length (aypfmxcrocodile size), a given stride
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opposite stride for a handprint was made as the for&liopposite that handprint was being

protracted. Boyd (2006) appears to have measured mdand also pes) stride as we did.

Manus Pace Angulation (Step Angle): Angle defined dyutiicture of two successive paces.

Manus-Pes Distance: straight-line distance between #nminal ends of the impressions of
digit Il of the manus and the pes in a manus-pes sdik&heonardi (1987: item 19 and plate
1), we did not measure this distance as projected addirestrackway midline, but in practice
the distance would nearly parallel the midline. We siolered measuring the manus-pes
distance using the bases of the impressions of digitf both autopodia as the reference
points, but decided against this for two reasonsstin some trackways the pes print
overlapped its associated manus imprint enough that theebafsdigit Il on the manus print

could not be seen. Second, the base of the diginjpression was often not clearly seen in

manus and/or pe{s sets of a #et, but the terminus igitdIl of both was usually clear. Commented [PF5]: [+ §Z]s E]PZ5M } ov[E
me.

Pes (Oblique) Pace: Distance from one footprinti® next footprint of the opposite side. For

some analyses, a distinction is made between paces thaireacarticular footprint, and paces
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that begin with that footprint. Because of variationstiire quality of impression of footprints,
two measurements of pes paces are reported. Onédie$é is measured from the tips of the
terminal ends of the digit Ill impression of successiontralateral footprints, and the other
from the heels of successive contralateral footprin®¥e considered measuring pedal paces
and strides from the proximal ends of the digit Il regsion, but this point is often not clearly
defined in our crocodile trackways. Kubo (2008) utedmidpoint of a line segment connecting
the tips of digits Il and Il as the reference pointfiegasuring pedal paces and strides, while
Milan and Hedegaard (2010) apparently used a point niearcenter of the sole (Leonardi
1987: item 41 and plate V panel F) of the pes prirthageference point for measuring paces

and strides.

(Opposite) Pes Stride: Distance from one footprinthte next footprint of the same side. The
*SE] 1 Z & - E] e "% %dFe]3}v BAESSZ VRUsSE] A o o}
characterized. As with the pace, strides are measuiat from the terminus of the digit 111

impression, and also from the heel, of successivitaigsal pedal prints.

Pes Pace Angulation (Step Angle): Angle definedéjutitture of two successive paces;
measured for paces defined from the terminal endhué tigit 11l impression, and also for paces

defined from the heel of the footprint.

Trackway Midline: defined on the basis of pes prifthe midpoint of each (oblique) pace over
a series of successive paces (defined on the basieedérminus of the digit Ill impression) of
the pedal trackway is determined. The trackway midlimentis defined as a series of line

segments connecting the midpoints of the succespizees. Because of the way the midline is
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defined, the positions of the first and the finalofprint in a trackway relative to the midline
are, strictly speaking, not measurable. Howevehefcrocodile moved nearly in a straight-line
manner between the position of the first or final fipsint, and the portion of the trackway
downtrail from the first print, or uptrail from theirial footprint, the midline could be projected
uptrail or downtrail from the defined midline so thété position or rotation of the footprint

relative to the projected midline was measurable.

Manus Digit 11l Distance to Midline: Perpendicular dis&afrom the terminus of the manus digit

Il impression to the trackway midline.

Manus Wrist Distance to Midline: Perpendicular distafroen the|wrist of the manus

impression to the trackway midline.

Pes Digit Il Distance to Midline: Perpendicular distdnam the terminal end of the pedal digit

Il impression to the trackway midline.

Pes Heel Distance to Midline: Perpendicular distanme fihe|rear of the heel of the pes

impression to the trackway midline.

Midpoint Manus Midline Distancé Midpoint Pes Midline Distance: The overall distantaro
individual manus print from the trackway midline wasceddited as the midpoint between the
distance from the tip of digit Ill to the midline attte distance from the wrist to the midline.
Similarly, the overall individual pes print midlinstdnce was calculated as the midpoint
between the distance from the tip of digit lll to theidtine and the distance from the heel to

the midline. The midpint pes midline distance wasrttseibtracted from the midpoint manus
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midline distance to provide a measure of whether ovieitaé manus or the pes printin a
manus-pes set was closer to the midline. A positivber indicates that the manus is farther
from the midline than the manus, and a negative numbexttthe manus is closer to the

midline than the pes.

Manus Trackway Inner (Internal) Width: A series of legnsents connects the most medial
part of handprints (typically the terminal end of tkgit | impression) along both the left and
right sides of the trackway. Trackway inner widthis dlistance between the left and right
segments, measured from each manus print to the §rgment of the opposite side. This
parameter is equivalent to the intermanus width ofdbardi (1987: item 23, plate I) except for
§]oe }(8Z AC 18] u spE Xu> INEE ]]5iD0SNOVISZ [vd EV 0

(medial) parallel tangents to two consecutive |6¥-]P Z8 (}}3% E]JvSeX_

Manus Trackway Outer (External) Width: A series ofdegments connects the most lateral
part of handprints (typically the terminal end of tidégit IV or V impression) along both the left
and right sides of the trackway. Trackway outer widtthie distance between the left and right
segments, measured from each manus print to the egment of the opposite side. This
measurement is equivalent to the external trackway tivils measured by Leonardi (1987:

item 21 and plate ).

Pes Trackway Inner Width: A series of line segmenteaxts the most medial part of pes prints
(typically the terminal end of the digit | impress)aalong both the left and right sides of the

trackway. Trackway inner width is the distance betwew®nleft and right segments, measured
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from each pes print to the line segment of the opgfie side. The measurement is equivalent to

that of Leonardi (1987).

Pes Trackway Outer Width: A series of line segmentaects the most lateral part of pes

prints (typically the terminal end of the digit IVpnession) along both the left and right sides of
the trackway. Trackway outer width is the distance bedwéhe left and right segments,
measured from each pes print to the line segmenthaf opposite side. Leonardi (1987),
Simpson (2006), Kubo (2008), and Milan and Hedegaald)20easured trackway width in the

same or a nearly similar way.

Manus Print Rotation: Angle formed by the intersentif the best-fit line segment drawn

through the long axis of digit Il of the handprint athé midline or projected midline of the

trackway. Crocodile manus prints nearly always angteand (positive rotation) with respect

§} 3Z SE IA C u]lo]v X >1}v E J[%oei®66WIE EHo65Mv }( (338 (Elu u] o]v
]* *Julo EU /£ %3 $Z 5 Z E }PV]I(-SZ §13%% GAvEP ajvP]1Spu Jv o Al u C

differ from that of digit III.

Manus Calculated Print Divarication: An alternative wageésuring manus print rotation. The
distance of the wrist from the midline is subtract&dm the distance of the tip of digit Il from
the midline. This value is then divided by manugtbnwhich quotient is the sine of an angle
between the trackway midline and the long axis of digithe latter forming the hypotenuse of
a right triangle). The calculated print divaricatiothien the arcsine of the calculated sine. We

designate the calculated angle the divarication, as opddedhe rotation measured from
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photographs, to distinguish between the two wayswéasuring the angle between the long

axis of the handprint and the trackway midline.

Pes Calculated Print Divarication: Pes print rotati@s not directly measured from trackway
photographs because footprints are nearly parallethe trackway midline. However, we did
calculate an alternative version of print divaricatiorthe same way that we calculated manus
print divarication, using the difference between thisnces of the tip of digit 1ll, and the heel,

from the midline, and the length of the pes print.

\Glenoactebular Length: When possible, measured ubiadpases of the impressions of digit IlI
of the manus and pes (or their inferred near vicinifynot clearly marked on prints) as
reference points. Otherwise the glenoacetabular lengtis measured using the terminal ends
of digit Il of the manus and pes. The glenoacetabulagttewas measured following the
protocol of Leonardi (1987: Plate VIl panel C). Measargs of the glenoacetabular length
were associated with the manus-pes set opposite the baclvpositioned pes print and the

forward-positioned manus print of the contralateral sjgble

Data Analyses

Summary Measures of Overall Footprint and Trackwagdttion Variability Because our
trackmakers showed modest variability in overall size calculated simple measures of
variability in footprint and trackway proportions in $ua way as to remove absolute size.

Autopodial widths and trackway linear dimensions weraled by dividing them by the

Commented [PF8]: (random thoughts follow):

| need to do some measurements on extant quadruped

US /[u *uER E]s SZ]* u *sp&E u v§
gait to have a point where all four limbs are in contact v
§Z PE}Ipv X dZ Z}E- ~ e+ ]Jv > MAC
distance measured differently.

I guess if the croc is moving quickly, G-A estimation fro
tracks will be more inaccurate?




17

appropriate autopodial length. We then calculated two raeges of ratio variability. One of
these was itself also a ratio, that of the maximum/minimualue of the ratio-scaled

parameter. In addition, we calculated the standard dewviatdbf the ratio-scaled parameter.

dA} A E-]}ve }( Z}Y(3Z ¢+ u *u@EKdE ®Be]vBouo 3 ¢« 3E 3u v3
employed each measurement of a parameter in a trackwag data case, with no attempt to

take into account that the number of measurements lodit parameter varied among
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trackways as the data cases.

Statisticians may blanch at our use of ratios, but we nraattempt to use ratios in
any parametric tests. Furthermore, all of our trackmakesere bigger than very young
crocodiles, and so any effects of allometry on foaipar trackway proportions are likely

reduced. We therefore think that way we used ratio meeements of trackway proportions to

E § “epll v JESC_u cpE - }AUIVID W0 JASE]R0]SC Te ipeS](]

Interactions among Footprint and Trackway Dimensiémsddition to summary measures of
intraspecific variability, we analyzed interactions aménagkway dimensions using more
sophisticated statistical tools. Bivariate interactiongrackway dimensions that were
presumed not to be affected by trackmaker size wexamained using simple correlation
analyses. Interactions in which absolute size were deklikely to have an impact were

examined in two ways: 1) by partial correlation analysdgth autopodium size as the control
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variable, and 2) by analyzing correlations between ratio petars using nonparametric

methods.

Trackmaker Sizes

Footprint and Trackway Dimensions and Crocodile Siraagai (2010) measured wild
individuals ofC. acutuscaptured at night in Parque Nacional Marino Las Baulasr(Est
Tamarindo) and Parque Nacional Palo Verde (Rio Teng)idg addition, some large captives
from Rio Tempisque were measured at a local zoo nalarVerde. Crocodiles were measured
using the protocols established by Farlow and Brit2@00) for American alligators. Four size

measurements were used in the present study.

Crocodile Total Length: Measured along the ventralege of the animal, from the tip of the
evius 3} 3Z §]% }( $Z 3 ]JoX3/( $Co VRSZu®o vglvP §Z A vEE o pE( U ]38
was measured along the dorsal surface, but this wilhbigtle longer than length measured

along the ventral surface.

Shoulder-Hip Length: Measured from the midpoint beénehe bases of the forelimbs to the

midpoint between the basés of the hindlimbs, along thiglline of the animal. Commented [PFO]: E}& su@E Z » o[ ]« &2
Does it mean mid point between feet/tracks, or betwee
shoulders and acetabluae?

Manus Print Length Proxy: Manus length of crocodilas measured from the midpoint of a
line connecting the proximal ends of digits | and \th® tip of the claw of digit 111, with digit IlI
held straight out. The proxy for manus print lengths then calculated by subtracting the

length of the claw on digit 11l from overall manus léng
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the foot (identified as the most convex part of thack of the foot when it was dorsoflexed) to
a line cutting across the bases of digits | and IV itrakewiew. To this palm length was then

added the length of digit 1ll, excluding the claw, teate the pes print length proxy.

Relationships between total length or shoulder-f@pdth, with manus or pes print
proxy length, could then be examined, and used tineste the total lengths and shoulder-hip

lengths of our crocodylian trackmakers.

Direct ObservationwWe observed one of our crocodiles in the act of mgHKootprints

~dE 1A C W Tiidiii6sU v +3Ju § vPBZviuia[X §}52D1% A] } }(
possible trackmaker from a drone (Fig. 1D, E). Thixdile was seen in the ocean just offshore

of Estero Ventanas, in water 4.5-6 m deep. During mbsur observations the crocodile swam
slowly, with its limbs against its body, propeliadhe usual manner by undulations of the tail

(Fig. 1E). However, the animal repeatedly interrupgechl swimming, and engaged in
bottomwalking (cf. Grigg and Kirshner, 2015: Fig&l 4.24, 9.2) for a few to several steps.

The crocodile passed near reef cornetfishgistilaria commersonitypical total length 120 cm:

Fig. 1D) and a yellow-bellied sea sndkelé¢mia platurustypical total length 75-80 cm); these
animals provided scales that allowed us to estimate a tletajth of about 3 m for the

crocodile.
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RESULTS
Trackway Descriptions

We will first provide information about the individumackways we observed, after

which we will make more general observations.

Trackway 1: 20130419, Playa Ventanas, 19 April 20134{Fdoteworthy features of the trail
include the markedly sinuous tail drag mark, and ovietmg of the rear margins of some

manus prints by pes prints of the same manus-pés se

Trackway 2: 20140313, Playa Ventanas, 13 March 20145}Fithe crocodile (thought to be a
female) came out of the water about an hour before thadkway was observed, just before
dawn. The footprints were beautifully impressed, tlvet sand recording scale impressions
from the sole of the foot, including those of largeutes along the outer edge of the foot (a
typical feature of crocodylids and gharials, but nitigatorids: Grigg and Kirshner, 2015). The
tail drag mark was much less sinuous than that of track2@130419, and situated close to

prints of the left side.

Trackway 3: 20140323, Playa Ventanas, 23 March 2014%6}Fithe trackway shows a faint, not

very sinuous tail drag mark that is symmetrically placlede to the trackway midline.

Trackway 4: 20141117A, Playa Ventanas, 17 November E@L4). The crocodile was seen

making the trackway at 0612 hours local time. The tnacl E [+ §}3 o0 0 VP3Z A

«§Ju &
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turned around and headed back to the water. The traajowas made in very firm sand at the
mouth of the estuary, a spot that is seldom covered ghitide, but is wetted by rain. Because

the substrate was so firm, and the crocodile rather snfafifprints in the trackway are very

faint. |Only the tail drag mark is clearly visible.

Trackway 5: 20141117B, Estero Tamarindo, 17 NoveR0iet (Fig. 8). The trackway was found
at 0647 hours. The crocodile exited the estuary andie@tbabout 5 m up the beach. Footprints
were reasonably clear in the sand of the intertidahe, but became indistinct above the
hightide line. The trackway was probably made by a largeodile that had repeatedly been
observed in the estuary, and reported to have eateo focal dogs. A distinctive feature of the
trackway is that the not-particularly-sinuous tail dragrk is not symmetrically positioned near
the trackway midline, but rather hugs the left margintié trail, cutting across left-side manus
prints. Another distinctive feature is that the cems of manus prints of the left, but not the
right, side of the trackway are closer to the trackwaigiine than their associated pes prints.

Most of the individual footprints are not particulgrwell-formed.

Trackway 6: 20141120, Estero Tamarindo, 20 Novembbt pFig. 9). This trackway was
probably made by the same individual as Trackway 5. Itdism®vered at 0525 hours. The
crocodile moved out of the estuary to about 71 m abbhe high tide line. Footprints in the
beach below the high tide line had been washed awajicating that the trackmaker made its
excursion onto the beach before the high tide oéthrevious night (0045 hours). Unlike

Trackway 5, this trackway showed several clear footpritlthen the crocodile walked across

&} 1} lo
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firm, moist sand, its tail drag mark again was clostheoleft side of the trackway, cutting
across manus prints and the inner edges of pes prthistail sometimes flopped over and slid
on its side. The tail mark was closer to the trackwaglime when the animal walked on softer,

drier sand.

Trackway 7: 20141130, Estero Tamarindo, 30 Novembibt PFig. 10). Another trackway
probably made by the same crocodile as the maker okireys 5 and 6. The trackway was
discovered at low tide at 0605 hours, and had probablgrbmade sometime before the
previous high tide. Over part of the trackway the tads once again dragged across footprints
of the left side, but in another portion of the traslay the tail mark was more symmetrically

placed.

Trackway 8: 20141209, Estero Ventanas, 9 December(#0d.411). The trackway was probably
at least a day old when it was noticed at 0605 hours. fféiekway headed across dry sand from
the ocean to the estuary in soft, dry sand. Consetlyethe individual footprints were not very
clear, but the low-amplitude tail drag mark was cleaibible near the trackway midline.

Several arthropod traces cut across the trackway.

Trackway 9: 20150119, Estero Tamarindo, 19 Janudry @g. 12). The trackway was found at
low tide, 0610 hours. The only preserved portiortlug trackway was the part where the
crocodile returned to the water, and so the animal pably emerged from the water before
high tide (0115 hours). The trackway has conspicutavg drag marks made by both manus

and pes. The tail mark varies from being symmetricaddgqal near the trackway midline to
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cutting across prints of the right side. Some pdstgrclearly show impressions of webbing

between the toes.

Trackway 10: 20150129, Estero Tamarindo, 29 Jan@dfy @Fig. 13). The trackway as
v tpvs & § 1011 Z}YuE-U 3§ o}A ¥F XWHK$EC ¥(H df-®E FuEv 8§} 32 A 5§ E
were preserved, indicating that the crocodile probatdyme out of the water before high tide
at 2133 hours the previous night. The tail mark cut®se left-side footprints, suggesting that
this is could be yet another trackway made by the makéiisackways 5-7, although its
autopodial dimensions are larger (Table 1). The trackvesya relatively long manus-pes

distance in manus-pes sets.

Trackway 11: 20150311, Estero Ventanas, 11 March @gag514). The tracks were seen at
0700 hours. They led from the ocean across the sarniea¢stuary mouth to the lagoon on the
shoreward side of the sand. This trackway has some lfeatdotprints, and a low-sinuosity,

medially-positioned tail mark.

Trackway 12: 20160116, Estero Ventanas, 16 January(E@j.615). The trackway was found at
0900 hours. The tail drag mark is moderately sinudb& most noteworthy feature of the
trackway, however, is that prints of the left pes are atgily shaped: the digit Il impression is
rather short, and the distance separating the impressiohdigits Il and I, and thus also the
JEE *%}v JvP ]Jvs €& JP]S o VP& U2 ut% SZooElo}E® [« o (S (}}S Z
been injured or otherwise malformed. Consequentlgasurements of trackway dimensions

related to the pes were made only on right footprirfexcept for paces, strides, pace
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angulations, and measurements of glenoacetabular lengthchvhsed data from both left and

right footprints).

Trackway 13: 20160202, Estero Ventanas, 2 February @4.616). Found at 0630 hours, this is
another lovely trackway. The only photograph taken wast sibliquely down the trackway.

The tail mark looks to be closer to the right tham tleft side of the trackway.

Qualitative Features of American Crocodile Trackways

Like other crocodylian§rocodylus acutusas five fingers on the manus, and four toes on the
pes, with digits -1l of both autopodia bearing claRg&hardson et al., 2002; Farlow and Elsey, 2010;
Kumagai and Farlow, 2010; Milan and Hedegaard, 2010y @nig Kirshner, 2015). The impressions of
digit | of both autopodia are a bit shorter than thoskEthe more lateral digits within the same
autopodia; the four outer digits of the manus, and theee outer digits of the pes, leave impressions of
subequal length (cf. Kumagai and Farlow, 2010: Fid.He plantigrade hindfoot digits are conspicuously
webbed, especially between digits IV and V. All eséhmorphological features may register in
wellformed trackwaygFigs. 17, 18)n addition, crocodylian trackways more generally wide-gauge,
with prints of the left side well separated from the of the right, with a distinct tail drag mark (Reike
and Howard, 1978; Padian and Olsen, 1984b; Mazin é(fl3; Boyd, 2006; Kubo, 2008; Carpenter,
2009; Farlow and Elsey, 2010; Milan and Hedegaard,; Z&dfez Velasco, 2011; Stuart and Stuart,

2013; cf. Romano et al., 2007; Marty et al., 2010).
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/Our Costa Rican American crocodile trackways shesetand other features with unusual

clarity. Although made in sand, and so unlikely toss@ drying out, our trackways show characters

likely to register in firm, moist, fine-grained sifades of a kind with higher preservation potentiél. Commented [PF12]: /[u v}3 spu@& 3§Z]v,
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Pes prints are roughly twice as long as manus pramd pes prints can be placed either some
distance behind, or overlapping, manus prints of taee set. There is some variability among, and
sometimes even within, trackways with respect to wher the centers of manus prints are closer toeth
same distance as, or farther away from, the trackwagilimé than pes prints in the same sets (see
below). The position of the wrist on a handprintasdted at about the same level along a trackway as

the position of the heel in the next following ppsnt of the opposite side.

Relative to a line segment between digits | and V, nsgmints rotate distinctly outward
~%}e]S]A « A]S3Z € *% & 3} 3¥ }(@BYE} Aoolb D&EZIRRZ 5Z]e E}S 8]}v ]e 0 oo u EI ]
expressed in terms of the long axis of the impresf digit 11l (see below). Pes prints give the

appearance of being nearly parallel to the directidriravel (but see below).

Digit claws dig deeply into the sediment (Fig. 118}, and so lengths of the finger and toe
impressions are less than the lengths of their retjppe digits. If the substrate is quite firm, clavarks
may be among the most visible features of the track\igig. 10A). Pes prints are usually more deeply
impressed than manus prints (Fig. 18), and the insfdees prints, and the heel, are (aside from claw
marks) the deepest parts of hindfoot prints (cfns®sauropod trackways: Farlow et al., 2015). Webbing

between digits II-1ll, and IlI-IV, of the pes may regiatea shallow region of the print (Figs. 17B, 1D,

As the hindfoot is lifted from the substrate, clapd may drag laterally across the print, making
outward-pointed marks (Figs. 17B, C). During protoacthe manus and/or the pes may create linear or

curved, concave-inward drag marks (Figs. 4A, 9,128, D, 13-17A) similar to those seen in somedizar
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trackways (cf. Leonardi, 1975; Padian and Olsen, 1¥&#tkw and Pianka, 2000; Kubo, 2010b; Gémez

Velasco, 2011).

The tail mark may be fairly sinuous (Figs. 4, 58, 17A), or only slightly sinuous to nearly
linear (Figs. 5B, 8, 9B, 11, 12A, 14, 15A, 16). Itmgypsitioned along the midline of the trackwayg&-i
4A, 5B, 9B, 10B, 11, 14, 15, 17A) or hug the lighs.(BA, 8, 9A, 10A, 13) or right (Figs. 12C, Xxidé,
cutting across prints. The shape and position of gierhark vary even within the same trackway. The

tail mark may be faint (Figs. 6, 10A, 12A, B, IE)lor a conspicuous trackway feature (Figs. 7,108,

The tail may flop over and slide across the substtaig. 9A).

Quantitative Comparisons

Trackway ProportionsTrackway measurements made only from images closeg@enter of
photographs did not differ appreciably from those madgng all images in a shot (Table 1), and so we
will employ the later in our analyses. Our trackmakspanned a modest size range (mean measured
pes print length ranging 15 to 24 cm), but did nutlude any very small/young individuals. Variabiity
trackway dimensions expressed as ratios against manpe®length (Table 2) was, unsurprisingly,
generally greater for parameters related to locomoti@md thus under control by the crocodiles (stride
length, manus-pes distance, trackway widths, distaofcgrints from trackway midline:
maximum/minimum ratio of scaled parameters up to3.Standard deviation of scaled parameters up
to 0.828) than for parameters related to autopodiabportions (print width/length ratio, manus/pes
length ratio: maximum/minimum ratio of scaled parareet 1.74 or less; standard deviation of scaled
parameters 0.179 or less). Interestingly, mean vabfd¢sackway dimension ratios, and the standard

deviations of such ratios, were often about the samtgen calculated for individual measurements
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without regard to which crocodile had made them, adsicawhen calculated using mean values for

trackwaysl Maximum/minimum ratios of the trackway dinseon ratioé obviously were greater when Commented [PF13]: Ratios of Ratios? Should this be
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calculated for individual measurements than when oldted for trackway means, because the former

treatment included more extreme values.

Several trackway parameters were geometrically nefeted. The various measures of manus
and pes relative stride length were, unsurprisinglgsitively correlated (Table 3; Fig. 19A, B). Relati
stride length (presumably related to trackmaker speefd;Reilly and Elias, 1998) may be negatively
correlated with the manus-pes distance (Table 3),ibshould be noted that much of the negative
correlation seems to be due to data from a singkckway (Fig. 19C). A more surprising result is that
relative trackway width was positively correlated vielative stride length (Table 3), but this resslt
somewhat suspect, because it is strongly influenbgé single measurement (Fig. 19D). Pace angulation
is positively correlated with relative stride leigtand negatively correlated with relative trackwaigth

(Table 4; Fig. 20; cf. Kubo and Ozaki, 2009).

Although there is some variability among trackwayig.(21), particularly in the manus portion
of trackways, pace angulations of both the manus andgmesons of trackways are roughly the same,
averaging about 90 degrees when measured with respette terminal ends of digit Il of manus and
pes. Pace angulation measured using the heel of #eerpsults in higher values than when measured
from the tip of digit I, due to the slight outwardtation of pes prints. (A similar result would jably
also have been the case if we had measured pace angulafith respect to both the wrist and the
terminus of digit 11l of the manus). These valuesiarthe range of those reported for trackways of other

crocodylian species (Kubo, 2008; Milan and Hedeg2atl)).

Interdigital angle 1-V of manus prints is typically abb40-160 degrees, and interdigital angle 11V

of pes prints is typically about 35-45 degrees (E&). The proximo-distal midpoints of manus primts,
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average, are about the same distance from the trackwajlimé as the proximo-distal midpoints of pes
prints (Fig. 23), unlike many lizard trackways, in tvipies prints are farther from the trackway midline
than manus prints (Fichter, 1982; Kubo, 2010; butlseenardi [1975] for a trackway of a walking
Tupinambissimilar to our crocodile trackways in the relativetdince of manus and pes prints from the

midline).

Both manus and pes prints usually angle slightly outweith respect to the trackway midline
(Fig. 24). Although the nearly linear arrangemerftdigits | and V of the manus prints cause them to
appear to be more sharply rotated outward than are pets, when manus rotation or calculated
divarication based on the long axis of digit lll impared with calculated pes divarication, the diface

between manus and pes rotation is much less.

Trackmaker Sizélost extant crocodylians follow a similar relationshetween total length or

shoulder-hip length and manus or pes length (Fig--25pcodylus siamendieing a possible exception,

with relatively long autopodia for its body size.dp#e some unexplained outliers (Fig. 25B, D),@ur

acutusdata mostly follow the trends defined tAlligator mississippiensand other species. Most of our
crocodiles had estimated total lengths of at leashZTables 5, 6), and the largest crocodile may have

been more than 3 m long. Our observation of a swingrérocodile with an estimated length of 3 m

~&]PX iX U « ]o }ve]ed v3 APFZEZBE]IIu}( R u3 ]3adyofithese &3 v 3Z §

crocodiles was the very animal seen in the ocean.

Pes lengths predicted slightly larger crocodifesy manus lengths. Shoulder-hip lengths
estimated from manus and pes lengths were substantialiger than glenoacetabular lengths meaglire
from trackways. While this may in part be due to tieéerence points we used in measuring

glenoacetabular lengths, Leonardi (1975) also fourad the glenoacetabular length measured from a
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trackway made by the teiidfupinambis teguixislightly underestimated the same distance measured o
the skeleton of the trackmaker itself. Conceivablis iscrepancy between trackway glenoacetabular
length and anatomical shoulder-hip length relateghe role of lateral body bending during crocodylian

high-walking (cf. Reilly and Elias, 1998; Carpe@t#9; Baier and Gatesy, 2013).

Irregular Gait Left pes prints of trackway 12: 20160116 (Figs1¥8,) consistently showed an atypical
morphology, with a wide splay between the impressi@f digits Il and Ill, and a rather short digit 11
impression, suggesting a malformation due to injaryother malady. Unlike another of our trackways,
which like trackway 12 was represented by severaépaeasurements, trackway 12 showed a
significant difference between pesbut not manus-pace lengths between paces that began with a left
print, and paces that began with a right print (TaBje Trackway 12 therefore is a good candidate for a

SE IA C +Z}AJVP  "0]Ju%]vP P ]13_ 8 oX]wilige® E

DISCUSSION

Comparisons Across Crocodylian and Crocodylomonpécis

Because the terminal ends of the claw-bearing digitthe autopodia dig into the sediment
during high-walking, it seems rather pointless teasure individual digit lengths in crocodylian
footprints. Consequently our comparisons@focodylus acutusith those of other extant crocodylian
species and with fossil crocodylomorph trackwaysfadus on overall print and trackway proportions.
Our discussion will be somewhat limited by the sisgrof available data, but the data that do exist

nonetheless reveal some interesting patterns wadidrther exploration.
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Trackways of other extant crocodylian species (Bi§s27; also seeon Huene, 1913; Reineck and
Howard, 1978; Padian and Olsen, 1984b; Simpson, 2006; R008, 2010b; Carpenter,

2009; Farlow and Elsey, 2010; Kumagai and Farlow, 20&h and Hedegaard, 2010; Gomez
Velasco, 2012) are qualitatively similar to those of Ameerican crocodile. For this reason, and
because there can also be dramatic differences in tragkpattern among conspecifics (e.g.

the degree of tail mark sinuosity/amplitude of adligr trackways in Fig. 26), differences in
trackway pattern across species, to the extent that theigtexare likely to be subtle and
revealed mainly by quantitative comparisons (Figs2853, (The likely absence of scute marks in
pes prints of alligatorids, and their presence in pésts of other crocodylians, however, is an
obvious example of a qualitative difference that shibdistinguish well-registered alligatorid

trackways from those of some other crocodylians.)

As already noted (Fig. 25A, B) the available data stifget most crocodylians (except,
perhaps,C. siamens)sshow much the same relationship between animal totagks and
autopodium length. Consequently we hypothesize thahplengths will likely permit
reasonable estimates of the total lengths of the miakef most fossil crocodylian trackways
made by walking animals, and perhaps the lengths oftlaéers of many non-crocodylian

crocodylomorph trackways.

The relationship between manus length and pes leradgb looks rather uniform across
trackways of extant crocodylians and extinct crocodylgohs (Fig. 28A), althoudb. acutus
and the Early Cretaceous trackmaker from the Oncala sod$spain (Pascual Arribas et al.,

2005) may have a slightly longer pes length for argimanus length, whil€. siamensidoes
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the opposite. The relationship looks curvilinearclsthat among larger individuals the ratio of
pes length to manus length becomes less, reduciegdibgree of manus-pes size heteropody in
big crocodylomorphs. The relationship between pestpaiitth and length also looks rather
uniform, although the Oncala Group trackmaker is anieytvith a rather broad pes print

width for its length.

The relationship between stride length and pespiength is also very uniform (Fig. 28C),
except for one conspicuous outlier, another trackvitaym the Early Cretaceous of Spain, this one from
the famous Las Hoyas site (Moratalla et al., 199%) Mesozoic trackmaker took unusually long stride

for its size, a possible explanation for which waéllfzesented below.

The relationship between trackway external width gresb length (Fig. 28D) shows increasing
scatter with increasing siz€rocodylus siameisamay have a relatively broad trackway, wh@leacutus

seems to have a relatively narrow trackway.

Crocodylian Locomotion and Trackway Pattern

Terrestrial High-WalkingThe functional morphology and kinematics of crog@h terrestrial
locomotion have received considerable attention (Mdnene, 1913; Schaeffer, 1941; Zug, 1974,
Brinkman, 1980; Parrish, 1987; Frey, 1988; Gate$94,;1Reilly and Elias, 1998; Blob and Biewener,
1999, 2001; Salisbury and Frey, 2000; Renous &08I2; Richardson et al., 2002; Meers, 2003; Reilly
and Blob, 2003; Willey et al., 2004; Reilly et al0&2MHutchinson, 2006; Carpenter, 2009; Allen et al.,
2010; Kubo and Ozaki, 2009; Kubo, 2010b; Hutson arebHu2012, 2013, 2014, Baier and Gatesy,
2013; Grigg and Kirshner, 2015). Several featuresioAmerican crocodile trackways clearly are

consistent with the results of kinematic analysesigh-walking. It should be noted, however, that
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studies of crocodylian limb kinematics using liverals have, as with studies of track-making, gene\rally
been limited to much smaller individuals (most aft&lligator mississippiengithan most of the
trackmakers in our study. They have also primarily%. 0} G

treadmills and force plates) rather than across sottisent.

Early in hindlimb protraction, the distal end bktfemur undergoes slight abduction, relative to
its position at the end of the stance phase, awiings forward, the extent of abduction varying among
individuals inAlligator (Gatesy, 1991; Reilly and Elias, 1998). The pesnatapnsistently be elevated

Ju%o0 3 0C }(( 8Z PE}uv U "ABZ33ZP {}}15}(E RAEIE (JEA E
Z]v o]Ju » §Z v (}@& o]u «_ ~t]oo XchmotmXsdufingdWe siving phase undoubtedly
are responsible for the curvilinear toe claw madtshe pes, and sometimes also the manus, observed

in our trackways (e.g. Fig. 17A), as well as foradljedirected pedal claw mark impressions created i

the first stage of lift-off (Fig. 17B, C).

Peak vertical forces exerted by the autopodiatmicodilians are greater for the pes than the
manus (Willey et al., 2004; cf. Allen et al., 20T)is does not necessarily imply that tracks lefthey
pes will be deeper; pes and manus surface areas witbamnvert such forces into pressures, and
smaller forces may produce deeper tracks if applieddigh smaller feeh (Falkingham et al. 2011; 2012;
2014).] Dynamic autopodia may change that surface ametihout the step cycle, creating variable
pressures under a single pes or manus, and previges have shown that there may only be a
tenuous link between underfoot pressures and Ioceadilracld depth (Bates et al. 2013; Hatala et al.
2013}.Neverthless, we generally observe a greaggtld of pes than manus prints of our crocodile
trackways (Fig. 18). Alligators have a pronounced atetdiral component to the ground reaction force

of the limbs (Willey et al., 2004), which is diextimedially (i.e. the foot is pushing laterally)anéyht
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be expressed in the greater depth of the medial thha lateral sides of prints (Fig. 18), and concdivab

might also be related to the evolutionary loss t#wes on the outermost digit(s) of the autopodia.

The crocodylian tail plays the major role in swimgn and so is quite large and muscular, but
constitutes a source of drag when the animal walkdaomd (Willey et al., 2004). This is consistenhwit
the prominent tail drag marks seen in most of our teaays (Figs. 4-16). The amplitude of lateral
v ]JvP }( §Z vVv]u o[ } C HUE]SPSAJ0I§ZP JeuP& E P]}v ~Z ]JooC v 0] «U id66U
consistent with the marked sinuosity of soméut interestingly not allz of the drag marks of our

trackways.

Underwater LocomotiarnCrocodylians exert considerable control over theioyancy, allowing them to

maintain themselves at a desired position in thetevacolumn with little effort (Kirshner, 1985; Ggg

and Kirshner, 2015). We observed one American crige@Big. 1D) engaged in bottom walking at the

ocean floor, and this mode of progression occurstireocrocodylian species as well (Kirshner, 1985;

Davenport and Sayer, 1989; Frey and Salisbury, Z¥¥hacher et al., 2003). Whitaker and Andrews

~{666W 0TieU (}JE /£ U%O0 U E %L @Y 03 & "¢E UpPBEEoP} » EA 5} % E}% o
themselves quickly along through shallow water bglping their feet along the bottom with a gait

E u]v]e v8 }(8Z A E v] P ]18X_

David Kirschner (personajuupv] 3$]}ve v} §Z 8§ pE]vP }5]Jo AGOHAvYP 757
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small (~1 m and less) and for the most part undistdrts® a larger animal (and/or one in a hurry) could

leave deeper tracks. The other thing to be considagetthat crocs will mix and match movement styles,
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so a croc doing a hybrid bottom-walking/swimming rament would leave different tracks than one
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McCrea et al., 2004; Houk et al., 2010; Kumagai arldWa2010) were made by reptiles that were
either bottom walking or combining bottom walkingttv slow swimming. The absence of tail marks in
many crocodylomorph trackways might be explainethéit makers had been moving underwater
(although we concede that the tail mark is faintsiome of our trackways of high-walking crocodiles).
Our observations of an American crocodile in the ociegicate that such locomotion is not restricted
to very shallow (such that the animal would be fatde touch bottom) water. Video clips of Nile

crocodiles moving close to the bottom (e.g. thogevddlife photographer Daniel Botelho

\[www.youtube.com/watch?v=t51MQaQL92k;]) show the angtauching the bottom with their feet in a Commented [PF18]: Really bringing ichnos into the 21
Century! 3)

manner that occasionally could produce manus-pes s&fs their autopodial prints positioned in a
manner like that of high-walking individuals, buttwiong spaces between touch-downs generated as
the crocodile pushed off the bottom with its hindfeand glided through the water. Such progression
might account for crocodylomorph trackways with anomaly long stride / pes length ratios, like the

Las Hoyas trackway described above.

Conclusions

Our study documents minimum variability in size ahdpe of trackway features created during
the high walk, both within and among individuals ofccrocodylian species. The degree of size
variability would clearly increase, and the degréeslmape variability would probably increase (cf.
Dodson, 1975; Farlow and Britton, 2000; Allen et24110), if we were to add trackway data for very

small individuals of the American crocodile to gample. As it is, however, our observations and data
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non-crocodylian crocodylomorphs, and perhaps even otheadrupedal archosaurs) are similar enough

to be considered likely to have been made by the sapegcies of trackmaker. In so doing, our results

identify variations in trackway features that wouldt necessarily indicate that trackmakers were

members of different species.

Comparison of trackway data f@rocodylus acutusith the limited available data for other
crocodylian species suggest that most differences rgrepecies are likely to be quantitative rather than
qualitative in nature. That being the case, we m@roend that future studies of crocodylian ichnology
make as many trackway measurements as preservation acahestances allow. In this study we have

provided what we hope is a thorough set of measueeits that will be useful for comparative purposes.

It is gratifying that several features of Ameriaaocodile trackways can be correlated with
kinematic features of crocodylian locomotion durithg high walk. It is equally satisfying to note tlfita
u ¢ %oles] 0 3} ]vE E% E § (ASQE}¢ MAJuu]oBE E} }whichiard @rd%o Z « v
more common than trackways attributed to high walkemgimals Milan et al., 2010y in terms of the
actual kinematics of crocodylians moving underwatieseems, then, that there is considerable

potential for future comparative studies relatingocodylian locomotion to ichnology.
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FIGURE CAPTIONS

Fig. 1. Study area and possible subje&td.ocations of places where crocodiles or their tracks
were examinedB-E Crocodile(s) observed at or near the places whergm@ckways were
made. It is possible, but not certain, that this/thesmcodile(s) were responsible for some of
the trackways we studied. Large crocodile high-walking on la@E Crocodile(s) seen in the
ocean.C. Crocodile swimming in the suB-E Crocodile moving along the botto. Crocodile
bottom-walking. Note the straight tail and extendechbis, and the clouds of sediment

*p*%o Vv C $Z v]u o[* HSE}%} 1 v} IZXE aEhetiish Bigtuldria
commersonit §} §Z E]PZ3 }( 8Z &} } ]Jo ®D}AE %sSTuCELkdilé X

swimming slowly.

Fig. 2. Patterns of two trackways at Estero Tamaridddrackway 6: 20141120, 20 November
2014. The crocodile left the water, crossing the eand entering the exposure from the
center bottom, then made a tight hairpin turn (uppleft) and returned to the water (rightp.
Trackway 10: 20150129, 29 January 2015. The crocamiégged onto the beach (top of
exposure), made a hairpin turn (bottom), and returnedte water near the spot whence it

U X E}S Ju%E se]}ve }( §Z v]deo[*v GEGZ3E & I C 0}}% X
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Fig. 3. Measurements of crocodile footprints and kaays. Manus length = AAL. Manus
width = Bt B. Pes length = €C.. Pes width (toetip I-1V) = DD pes width (toetip I-111) =1G
D. Manus-pes distance 2 AC. Manus pace ='At Al (right to left hand or left to right hand).
Manus stride = At At (left hand to left hand, or right hand to right handljanus pace

VPHO 8]}V ~+8 % VPo ¢ A & XIWCYlekhto right fbBt] &r right td\left foot);
pes pace (heel) = €C (left to right foot, or right to left foot). Restride (digit IIl) ='Ct C (left
foot to left foot, or right foot to right foot); ps stride (heel) = @ C (left foot to left foot, or
right foot to right foot). Pes pace angulation (digij =OV %o ¢ %o vPpuo §]}v ~Z
trackway midline is defined by a series of line segmmeonnecting the midpoints (M) of
successive pes paces. Distance of manus wrist tomaidIA - G. Distance of manus digit 11l to

midline = A t H. Distance of pes heel to midline = C - E. Distahjgesodigit 11l to midline =G

F. Manus inner trackway width = distance from tip oftdi¢B) of one hand to a line segment
connecting two successive digit | tips{B) of the opposite hand. Manus outer trackway width
= distance from tip of digit IV or V®f one hand (whichever is farther from the trackway
midline) to a line segment connecting two successligit IV and/or V tips of the opposite
hand. Pes inner trackway width = distance from tipigftd (D) of one foot to a line segment
connecting two successive digit | tips of the ogfoot. Pes outer trackway width = distance
from tip of digit IV of one foot () to a line segment connecting two successive digiipy/of

the opposite foot. Manus rotation = angle between a beslifie segment through the long axis
of digit Ill, roughly between wrist (A) with tip ofgiti Il (&) v but not necessarily passing

through both points A and*and the adjacent midline. Where possible, glenoacetabular

Qe

A tX dz
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length = length of line segment between midpoint K line segment connecting base of tigi
Il of two successive contralateral pes printg 4, and midpoint (L) of a line segment
connecting base of digit 11l of two successive coateahl manus prints (tl), where one of the
manus and one of the pes prints are members of theesananuspes set. If the base of digit 111
of the manus and/or pes are not clearly defined imgsj the glenoacetabular length is
alternatively measured as a line connecting the midpoiiv pes pace (digit ll11@ C) and the
midpoint of a manus pace {A Al), where one of the manus and one of the pes prints are

members of the same manus-pes set.

Fig. 4. Trackway 1: 20130419, Playa VentahaSblique view of the trackway, with the

crocodile moving away from the viewer. Note the coiespus, sinuous trail drag marR.

KA EZ Al A }( % ES }(§Z SE [AICV}IRZ] % 3} REEetod}v P X

manus-pes set.

Fig. 5. Trackway 2: 20140313, Playa VentahaSblique view of the trackway (the crocodile
moving away from the viewer), moving from wet onto dgnd. Note that the tail mark is
%0 }e]S]}v 0}VP (}}85% E]vSe }( BZOverhpadwipw of gart of thetrackway,

featuring beautifully registered prints. The largeak is marked off in 20 1-cm increments.
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Fig. 6. Overhead view of trackway 3: 20140323, Plapta¥as. The scale is just over 15 cm

long.

Fig. 7. Overhead view of trackway 4: 20141117A, Plagta¥as. The prints are quite faint, but

the tail drag mark is distinct. The scale is justrdM@cm long.

Fig. 8. Slightly oblique overhead view of Trackwa30341117B, Estero Tamarindo. The tail
drag mark hugs the left side of the trackway. Manustgrof left (but not right) side are
positioned closer to the trackway midline than associgbed prints. The scale is just over 15

cm long.

Fig. 9. Trackway 6: 20141120, Estero TamariAd®verhead view of portion of the trackway
with clearly registered prints. The larger scaleigt pver 30 cm long, and the smaller scale just
over 15 cm long. Note curvilinear drag marks maddirmyertips of the manus during
protraction. The tail mark stays close to the leftesf the trackway, sometimes flopping over
and sliding sideway®. Less distinctly impressed part of the trackway, madérier sand. The

tail mark is more symmetrically positioned here.

Fig. 10. Trackway 7: 20141130, Estero TamaridBortion of the trackway with reasonably

distinct prints and a tail mark along the left sidetloé trackwayB. Portion of the trackway
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made in softer sand, with the tail mark running alahg trackway midline. The scale is just

over 15 cm long.

Fig. 11. Trackway 8: 20141209, Estero Ventanas. Tracka@g in soft sandA. Oblique view
showing much of the trackway; the crocodile was mgwnwvay from the vieweB. Overhead
view of portion of the trackway. The larger scale & pver 30 cm long, and the smaller scale

just over 15 cm long. Note arthropod trails crosding crocodile trackway.

Fig. 12. Trackway 9: 20150119, Estero Tamarindo. ®ArtdD show four segments of the
trackway. The small scale is just over 15 cm long. Matiable position of the nearly linear tail
mark, from symmetrically located near the midline (plandB) to cutting across footprints

of the right side of the trackway (pandélsandD). Drag marks made by claws of digits I-1Il of the
pes are clearly seen in pan€andD), cutting across manus prints. Drag marks of maras<|

are seen in panel.

Fig. 13. Trackway 10: 20150129, Estero Tamarindosifla# scale is just over 15 cm long. The
low-sinuosity tail mark cuts across footprints of tle& side. The manus-pes distance is

particularly long.



57

Fig. 14. Trackway 11: 20150311, Estero Ventanas, avagokith beautifully registered prints.
The larger scale is just over 30 cm long, and the smsdhle just over 15 cm long. Overhead

view of trackwayB. Oblique view.

Fig. 15. Trackway 12: 20160116, Estero Ventahadverhead view of a portion of the
trackway; the larger scale is just over 30 cm long,thedsmaller scale just over 15 cm long.
Note the unusual configuration of digits II-1lI of th# jges.B. Oblique view of trackway; note

sinuous tail mark.

Fig. 16. Trackway 13: 20160202, Estero Ventanas.iakscale is just over 15 cm long.

Fig. 17. Details of footprint and trackway morphologyTrackway 12: 20160116 (Fig. 15). Note
atypical morphology of left pes, and curvilinear taagl marks of both manus and pes, with pes
marks cutting across manus marks (especially cledeforide of trackway)B. Particularly

good right manus-pes set from trackway 2: 2014031@. @)i. Note distinct scale marks on sole
of manus and pes, impressions of large scutes alongtter margin of the rear of the pes

print, and laterally directed claw marks on digits | araf pes.C Right manus-pes set from
trackway 10: 20150129 (Fig. 13). Note longitudinalreedt pull-ups in digits IV and V of the
manus print, and laterally directed claw marks of thes print.D. Right manus-pes set of

trackway 7: 20141130 (Fig. 10A). Note conspicuousgmtion drag marks of manus claws I



58

and lIL.E Left manus-pes set of trackway 11: 20150311 (Fig.Nietg great depth of claw

marks compared with other parts of the prints, aratdtrer faint tail drag mark.

Fig. 18. Digital models of trackways. Warmer (redrsandicate deeper parts of the trackway
in panelA, and cooler (blue) colors indicate deeper partstaf trackway in panelB- E A.
Trackway 2: 20140318. Trackway 5: 201411178. Trackway 6: 2014112D.- E Trackway 9:
20150119D. Left manus-pes seE Right manus-pes sdt Left manus-pes set of trackway 11:
20150311 (cf. Fig. . Note deeply impressed claw marks, deeply impressedial side of

hindfoot prints, and shallowly impressed webbing ceating digits 1I-11l-1V of the pes.

Fig. 19. Interactions involving different measuresedétive stride length (expressed as a ratio
against autopodium length) in the crocodile trackwaysh(& 3). Data cases are individual
measurements within a trackway, and thus provide a mimmindication of within-animal
variability in the comparison. The key to trackwaypanelCalso applies to other panelé.

The two measures of pes relative stride length aresurprisingly, closely correlateB. Relative
manus and pes stride length are likewise closelyedated. C. Relative manus-pes distance and
relative stride length may be negatively correlated, the relationship is strongly affected by
points for a single, possibly atypical, trackway @®2t60116)D. Relative pes trackway inner
width may be positively correlated with relative stritength, but the strength of the

relationship is strongly affected by a single measuzat.
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Fig. 20. Interactions between pace angulation and otheckway parameters. The key to
trackways in pandCalso applies to other panelé. Manus pace angulation and manus relative
stride length are positively correlateB. Manus pace angulation and manus trackway relative
inner width are negatively correlate@ Pes pace angulation and pes relative stride length are
positively correlatedD. Pes pace angulation and pes trackway relative inner vadth

negatively correlated.

Fig. 21. Distribution of values of pace angulationthefmanus and pes portions of crocodile
trackways. In panel& andC data are broken down by individual trackways (see texkéy to
trackway number); in paneBandD, data are pooled across trackways, without considering

the number of measurements in each trackwayandB. Manus portion of trackwayC andD.

Pes portion of trackway.

Fig. 22. Interdigital angles. In pandlandC data are broken down by individual trackways
(see text for key to trackway number); in panBlandD, data are pooled across trackways,
without considering the number of measurements ech trackwayA andB. Manus printsC

andD. Pes prints.
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Fig. 23. Distribution of values of the quantity (miiht manus midline distancé midpoint pes
midline distance)A. Data broken down by individual trackwags Pooled data across
trackways, without considering the number of measurensein each trackway. Values are
centered on zero, indicating that the midpoints of mamrints are generally about the same

distance from the trackway midline as the midpoints o$ eints.

Fig. 24. Footprint rotation / divarication. In panélsG andE data are broken down by
individual trackways; in pane D, andF, data are pooled across trackways, without
considering the number of measurements in each treek A andB. Manus rotation measured
directly from photographsCandD. Calculated manus divaricatioBandF. Calculated pes
divarication. Both manus and pes angle outward (positbtation / divarication) with respect

to the trackway midline.

Fig. 25. Crocodylian size vs. autopodium or pringllenWhere possible (data f@xlligator
mississippiensand Crocodylus acutysmanus and pes print lengths measured on the animals
themselves were converted to their footprint lenggioxies; otherwise autopodial lengths

were used as reported in the data source. The symbypiik@aneB applies to all other panels
as wellA. Total length vs. manus or manus print lengghTotal length vs. pes or pes print
length.C Shoulder-hip length vs. manus or manus print lénBt Shoulder-hip length vs. pes

or pes print length. Data from Leonardi (1984), Pa@iaal. (1984a), Farlow and Britton (2000),
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Kubo (2008), Carpenter (2009), Kumagai (2010), MitehHedegaard (2010), Rajkumar et al.

(2015), and B. Simpson (personal communication).

Fig. 26. Trackways éfligator mississippiensidlote spacing of manus and pes prints in sets,
and relative to the trackway midline. The trackways inglaA-Cand (some infshow

moderate relative amplitude of the tail drag mark, whitee trackways in paneB and Fshow
very little or no tail mark displacemeni-B. Trackway of a large alligator, St. Catherines Island,
Georgia. Scale marked in centimeter incremeAtsAlligator moving away from the viewds.
Alligator moving obliquely toward the viewer; inset s¥wa left manus-pes set-F Trackways

at Rockefeller Wildlife Refuge, Louisia@aTrackway of a large alligator (Farlow and Elsey,
2010); 19 inches (483 mm) of tape are expodedr Trackways of young alligators; Sharpie
markers (length 137 mm) provide the scdle Trackway amid numerous bird tracks; note
Sharpie scale at far right of panel. Inset shows a detdiiefrackwayE-F Digital models of

trackways. The scale bar in paiés 137 mm (one Sharpie length).

Fig. 27. Trackways @focodylus porosudlorthern Territory, Australia. Note the sharply
sinuous (high-amplitude) tail drag marks of botadkways, and the overlapping of manus by
pes prints A. Crocodile crossing a mudflat; photograph courtesyd8n GriggB. Trackway of
crocodile crossing the beach into the ocean, Webg&tor Head; photograph courtesy Gary

Lindner.
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Fig. 28. Footprint and trackway proportions in extartaodylian and fossil crocodylomorph
trackways. Footprint data faCrocodylus acutuare trackway means from this study. Manus
length (measured on the animals themselves) or mamug proxy length vs. pes print length
(measured on the animals themselves) or pes pringterproxy. In panelB-Dall
measurements are made on footprints and trackwasPes print width vs. pes print lengi@.
Pes stride length (digit 1ll) vs. pes lendihPes trackway external width vs. pes length. Data
sources as in Figure 25, as well as Moratalla et 8851 %Fuentes Vidarte and Meijide Calvo
(2001), Mazin et al. (2003), Pascual Arribas et al. (2@3&nzini et al. (2007), Mateus and

Milan (2010), Stuart and Stuart (2013), and Abbassi ¢2al5).
TABLE 1

Measurements of crocodile trackways. Single valuesrandes of linear dimensions reported

to nearest cm, with means and medians (the latter népd if the number of measurements is
three or more) calculated to nearest 0.1 cm. Singliies and ranges of angles reported to

nearest degree, with means and medians calculated erest 0.1 degree. It was not possible

to measure every parameter for every trackway. Whigrere are two lines of data for a

parameter, a distinction was made between all measuremsenade, from all photographs

(first line), and only those measurements made wites print under consideration is near the

center of the relevant photograph (second line)orly a single line of data appears, either this
distinction was not made, or all measurements were méat prints near the center of the

relevant photograph

Trackway Print Parameter Mean (Median) Range | N
1: 20130419 | Manus | Length 8 1
Width 14 | - 1

Pes Length i 1

Width (Toetip I-IV) T 1

Width (Toetip I-111) o | - 1

IDA I-IV 39.0 36-42 2

Manus-Pes Distance 9 | - 1




(o))
w

Inner Trackway Width o | - 1
Pace (Heel) 39.3(39.3) 39-39 3
394 39-39 2

Stride (Heel) 62.8 61-64 2
Pace Angulation (Heel) 106.0 103109 | 2
Glenoacetabular Length 45 | - 1
2:20140313 | Manus | Length 11.0 (11.0) 1012 7
104 1011 2

Width 14.0 (14.1) 1315 7
14.2 14-14 2

IDA IV 143.7 (145.0) 134153 | 7
1475 145150 | 2

Distance Wrist to Midline 18.5 (18.6) 14-22 6
15.8 1517 2

Distance Fingertip 11l to Midlin 15.5 (15.8) 12-19 6
18.6 1819 2

Inner Trackway Width 22.5(22.6) 22-23 3
23| - 1

Outer Trackway Width 46.7 47-47 2
O 1

Pace 49.7 (50.0) 47-51 4
50.0 49-51 2

Stride 61.1 61-61 2
Pace Angulation 73.5 7374 2
Rotation 17.3 (16.5) 12-26 6
13.0 12-14 2

Calculated Divarication 16.3 (15.2) 10-27 6
Pes Length 22.7 (22.3) 21-25 7
225 22-23 2

Width (Toetip I-1V) 14.9 (14.8) 1317 7
14.3 14-14 2

Width (Toetip I-111) 9.7 (9.6) 9-11 7




(o]
I

10.1 1011 2

IDA I-IV 40.6 (42.0) 3346 7

445 43-46 2

Manus-Pes Distance 18.0 (18.2) 17-20 5

17.5 17-18 2

Distance Heel to Midline 14.4 (14.3) 11-17 7

13.2 1314 2

Distance Toetip 11l to Midline 17.3 (17.3) 17-18 6

17.3 17-17 2

Inner Trackway Width 15.0 14-15 2

Outer Trackway Width 457 45-47 2

Pace (Toetip IIl) 45.9 (45.9) 45-46 4

45.7 45-46 2

Pace (Heel) 41.6 (42.2) 3844 5

42.7 42-43 2

Stride (Toetip IlI) 60.2 59-61 2

Stride (Heel) 60.8 (61.3) 5863 3

62.3 61-63 2

Pace Angulation (Toetip III) 82.5 82-83 3

82.5 82-83 2

Pace Angulation (Heel) 92.7 (93.0) 90-95 3

94.0 93-95 2

Calculated Divarication 5.7 (5.2) 1-11 6

Midpoint Manus Distancd 2.7 (2.7) 24 4
Midpoint Pes Distance

Glenoacetabular Length 50 | e 1

3: 20140323 | Manus | Length 8 | - 1

Width 8.7 (8.7) 99 2

IDA IV 149.0 147151 | 2

Inner Trackway Width 12 | - 1

Outer Trackway Width 28 | - 1

Pace 30.6 31-31 2

31 | - 1




[o2]
ol

Stride A 1
Pace Angulation 929 | - 1
Pes Length 14.9 (14.9) 14-16 2
Width (Toetip I-1V) 9.5 (9.8) 8-10 4
O 1

Width (Toetip I-111) 7.3 7-7 2
IDA I-IV 43.5 3948 2
39 | - 1

Manus-Pes Distance 8.9 99 2
Inner Trackway Width 6.4 6-6 2
6 | - 1

Outer Trackway Width A 1
Pace (Heel) 28.4 (28.2) 28-29 3
28 | - 1

Stride (Toetip III) a7 1
Stride (Heel) 48 | - 1
Pace Angulation (Heel) 116 | - 1
4:20141117 | Pes Width (Toetip I-1V) 5 | - 1
Width (Toetip I-111) O 1
Stride (Toetip Il) 62 | - 1
6:20141120 | Manus| Length 8.4 (8.5) 89 3
8.3 89 2

Width 10.8 (10.8) 11-11 3
10.8 11-11 2

IDA IV 153.0 (154.0) 142163 | 3
148.0 142154 | 2

Distance Wrist to Midline 8.5 (8.6) 6-11 3
8.6 6-11 2

Distance Fingertip 11l to Midlin 8.7 (9.1) 6-11 3
8.4 6-11 2

Inner Trackway Width o | - 1
Outer Trackway Width 29 | - 1
Pace 31.6 31-32 2
Stride 50 | - 1
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Rotation 2.0 (4.0) -24 3

1.0 -24 2

Calculated Divarication 2.0(3.3) -1-3 3

Pes Length 16.2 (16.1) 1517 3

16.6 16-17 2

Width (Toetip I-IV) 11.4 (11.4) 11-12 4

11.4 11-12 2

Width (Toetip I-111) 7.9 (7.0) 78 4

7.6 78 2

IDA I-IV 35.7 (33.0) 3143 3

38.0 3343 2

Manus-Pes Distance 14.3 (14.0) 1316 3

14.8 14-16 2

Distance Heel to Midline 8.4 (7.8) 7-11 3

9.2 8-11 2

Distance Toetip Il to Midline 11.9 (12.2) 11-12 4

12.2 12-12 2

Inner Trackway Width 8.2 89 2

Outer Trackway Width 315 31-32 2

Pace (Toetip IIl) 32.9 (33.6) 30-35 3

34.5 34-35 2

Pace (Heel) 29.6 28-31 2

31T | - 1

Stride (Toetip I11) 49.0 48-50 2

Pace Angulation (Toetip IlI) 91.5 90-93 2

Calculated Divarication 12.4 (15.9) 5-16 3

Midpoint Manus Distance -2.2 -5-1 2
Midpoint Pes Distance

7:20141130 | Manus| Length 9.0 8-10 2

Width 11.0 (10.9) 1012 5

10.6 1011 2

IDA IV 140.0 (153.0) 85-158 6
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110.0 85-135 2

Distance Wrist to Midline 15.4 (16.3) 12-18 3
17.0 16-18 2

Distance Fingertip Il to Midlin 19.6 (20.4) 1821 3
20.5 20-21 2

Inner Trackway Width 21.1(21.8) 16-25 4
19 | - 1

Outer Trackway Width 42.3 (44.1) 3845 3
38 | - 1

Pace A 1
Stride 51.4 (53.1) 42-58 3
Rotation 22.3 (23.0) 21-23 3
22.0 21-23 2

Calculated Divarication 23.3 23-24 2
Pes Length 16.7 (17.2) 1518 5
16.7 1518 2

Width (Toetip I-1V) 11.5 (11.0) 10-14 4
10.8 1011 2

Width (Toetip I-111) 6.8 (7.0) 6-7 5
6.4 6-7 2

IDA I-IV 33.7 (31.0) 2545 3
35.0 2545 2

Manus-Pes Distance 17.0 (16.7) 1519 4
16.7 16-17 2

Distance Heel to Midline 10.4 (9.7) 8-14 5
8.7 8-10 2

Distance Toetip Il to Midline 13.5(13.3) 13-15 6
13.3 1314 2

Inner Trackway Width 14.2 (14.2) 11-16 5
125 11-14 2

Outer Trackway Width 36.9 (38.1) 34-38 3
36.2 34-38 2

Pace (Toetip i) 37.0 (38.6) 3041 5
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34.5 30-39 2

Pace (Heel) 35.4 (35.2) 3041 4

35 | - 1

Stride (Toetip I11) 52.7 (54.4) 44-61 5

49.0 44-54 2

Stride (Heel) 53.2 (51.0) 51-59 3

5. | @ - 1

Pace Angulation (Toetip IlI) 83.5(82.5) 80-89 4

84.5 80-89 2

Pace Angulation (Heel) 98.7 (98.0) 96-102 3

98 | - 1

Calculated Divarication 11.4 (13.2) -1-20 5

Midpoint Manus Distance 7.8 79 2
Midpoint Pes Distance

Glenoacetabular Length 41.8 (42.8) 34-48 4

395 34-45 2

9: 20150119 | Manus | Length 9.3(9.1) 9-11 15

9.2 (9.3) 99 5

Width 11.4 (11.3) 11-12 16

11.2 (11.3) 11-11 6

IDA IV 147.6 (145.5) 133168 |16

146.6 (143.0) 143156 | 6

Distance Wrist to Midline 11.7 (11.3) 9-19 14

10.5 (10.0) 9-12 5

Distance Fingertip 11l to Midlin 12.8 (12.6) 9-21 16

11.8 (12.2) 9-13 6

Inner Trackway Width 14.4 (13.7) 12-18 4

18 | - 1

Outer Trackway Width 36.0 (35.4) 34-39 4

39 | - 1

Pace 35.8 (35.4) 3342 11

36.1 (34.8) 3342 4
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Stride 49.7 (49.6) 48-51 5
5. | @ - 1

Pace Angulation 88.4 (92.0) 81-93 5
81T | - 1

Rotation 8.9 (6.0) -1-21 15
4.4 (5.0) -19 5

Calculated Divarication 10.2 (8.8) 1-23 13
Pes Length 16.2 (16.2) 14-18 14
15.9 (16.1) 14-17 4

Width (Toetip I-IV) 12.4 (12.4) 11-13 11
12.5 12-13 2

Width (Toetip I-111) 8.0 (8.1) 79 20
7.9 (7.9) 78 6

IDA I-IV 39.4 (38.5) 32-50 8
40.3 (40.0) 36-45 3

Manus-Pes Distance 17.0 (17.3) 14-20 18
17.1 (17.6) 1518 6

Distance Heel to Midline 11.0 (10.8) 1012 13
10.9 (10.8) 1012 4

Distance Toetip Ill to Midline 13.1(13.4) 12-14 18
12.9 (13.0) 12-14 6

Inner Trackway Width 11.6 (11.8) 9-13 6
11.5 (12.0) 9-13 4

Outer Trackway Width 37.1 36-39 2
39 | - 1

Pace (Digit I1I) 36.1 (35.9) 3340 18
36.2 (35.9) 34-40 6

Pace (Heel) 33.7 (33.4) 31-38 6
Stride (Digit I11) 49.1 (49.0) 47-51 8
49.2 (49.0) 47-51 6

Pace Angulation (Digit IIl) 86.4 (84.0) 81-95 7
88.0 (88.0) 83-95 5

Calculated Divarication 7.7 (7.9) 4-11 13
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Midpoint Manus Distance -0.6 (-0.9) -3-2 9
Midpoint Pes Distance

Glenoacetabular Length 41.7 42-42 2

42 | - 1

10: 20150129 | Manus | Length 9.7 (9.6) 9-10 8

9.6 (9.5) 9-10 4

Width 12.6 (12.4) 12-13 6

12.5(12.4) 12-13 3

IDA IV 143.7 (141.0) 132156 | 7

137.0 (139.0) 132140 | 3

Distance Wrist to Midline 12.3 (12.1) 9-17 6

13.7 (14.3) 9-17 4

Distance Fingertip 11l to Midlin 13.4 (13.6) 9-16 7

14.0 (14.4) 12-15 4

Inner Trackway Width 16.2 (16.2) 16-17 3

6 | - 1

Outer Trackway Width 40.2 (40.4) 4041 3

41 | - 1

Pace 38.4 (38.2) 36-42 9

37.6 (38.0) 36-39 5

Stride 49.4 (49.8) 47-51 4

50. | @ - 1

Pace Angulation 80.0 (80.1) 77-82 4

80 | - 1

Rotation 6.2 (4.0) -5-19 6

4.0 (3.5) -5-14 4

Calculated Divarication 4.5 (3.5) -10-17 6

Pes Length 18.7 (18.3) 16-22 9

17.8 (17.9) 16-19 4

Width (Toetip I-IV) 13.1 (13.1) 12-14 5

12.3 12-12 2

Width (Toetip I-111) 8.9 (8.8) 9-10 8

8.7 (8.6) 99 3
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IDA I-IV 43.3 (41.5) 37-54 8

445 (43.5) 37-54 4

Manus-Pes Distance 21.6 (21.6) 19-24 9

21.7 (21.6) 21-23 4

Distance Heel to Midline 13.7 (12.6) 11-20 8

13.2 (12.6) 12-16 5

Distance Toetip Ill to Midline 16.4 (15.4) 14-20 8

15.3 (14.0) 14-19 4

Inner Trackway Width 11.8 11-12 2

Outer Trackway Width 43 | - 1

Pace (Digit 11I) 41.2 (39.0) 37-51 8

39.0 (38.2) 37-43 4

Pace (Heel) 37.1(36.8) 3340 9

37.4 (36.9) 36-40 6

Stride (Digit 1) 50.7 (51.9) 4554 5

50.9 (52.6) 4554 4

Stride (Heel) 52.2 (52.7) 48-55 4

Pace Angulation (Digit Il) 78.2 (86.0) 63-88 5

82.0 (87.0) 66-88 4

Pace Angulation (Heel) 91.2 (94.0) 80-95 5

Calculated Divarication 6.6 (5.5) -1-16 7

Midpoint Manus Distance -2.5(-1.9) -11-1 6
Midpoint Pes Distance

Glenoacetabular Length 49.7 (51.4) 46-52 3

51.6 51-52 2

11: 20150311 | Manus | Length 12.2 (12.4) 11-13 8

11.9 (12.1) 11-13 5

Width 16.3 (16.9) 1518 7

16.8 (17.0) 1518 5

IDA IV 148.4 (153.0) 124167 | 7

156.8 (155.0) 151-167 | 5

Distance Wrist to Midline 14.7 (15.1) 13-15 5
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14.9 (15.1) 1515 3

Distance Fingertip Il to Midlin 17.2 (16.6) 16-20 5
16.4 (16.3) 16-17 3

Inner Trackway Width 17.6 (17.6) 16-19 3
16.9 16-18 2

Outer Trackway Width 46.8 (46.3) 46-49 4
46.1 (46.0) 46-47 3

Pace 50.2 (50.6) 47-52 6
50.5 (50.6) 47-52 4

Stride 70.9 (70.2) 69-75 5
71.5 (70.6) 69-75 3

Pace Angulation 90.7 (91.0) 87-94 4
92.0 (94.0) 88-94 3

Rotation 14.2 (15.0) 4-25 5
10.3 (9.0) 4-18 3

Calculated Divarication 11.7 (9.1) 3-22 5
Pes Length 23.7 (23.8) 22-24 7
23.7 (23.8) 22-24 5

Width (Toetip I-IV) 16.6 (16.1) 1518 9
17.0 (17.8) 1518 5

Width (Toetip I-111) 10.7 (10.7) 1011 8
10.9 (11.1) 1011 5

IDA I-IV 42.3 (41.0) 3257 9
40.4 (41.0) 3842 5

Manus-Pes Distance 19.8 (19.8) 1821 8
20.0 (19.9) 1821 5

Distance Heel to Midline 14.7 (14.9) 14-15 5
14.6 (14.8) 14-15 4

Distance Toetip Il to Midline 18.1 (18.2) 1819 5
18.3 (18.2) 1819 3

Inner Trackway Width 16.2 (16.7) 1517 7
16.0 (16.1) 1517 5




~
w

Outer Trackway Width 49.9 (50.1) 48-52 7

49.7 (50.1) 4851 5

Pace (Digit I1l) 51.6 (51.5) 4953 | 6

50.8 (51.3) 4952 | 4

Pace (Heel) 46.2 (46.5) 44-48 7

45.3 (45.3) 44-46 4

Stride (Digit I11) 71.4 (72.7) 6973 | 5

715 (72.7) 6973 | 3

Stride (Heel) 70.9 (70.6) 69-74 6

70.4 (70.2) 69-72 4

Pace Angulation (Digit Il) 88.3 (89.0) 84-91 4

88.3 (90.0) 8491 |3

Pace Angulation (Heel) 102.7 (102.5) 99-109 6

102.7 (101.5) 99-109 4

Calculated Divarication 8.6 (8.6) 8-10 4

Midpoint Manus Distance -0.3 (-0.4) -1-1 4
Midpoint Pes Distance

Glenoacetabular Length 59.0 (59.0) 59-59 3

59.2 59-59 2

12: 20160116 | Manus | Length 9.6 (9.7) 9-10 18

Crocodile 1 9.6 (9.6) 9-10 |11

Width 12.1 (12.2) 1112 20

12.1 (12.2) 11-12 |12

IDA IV 160.7 (162.0) 145179 | 20

164.1 (163.5) 153179 |12

Distance Wrist to Midline 12.0 (12.8) 7-17 13

12.3 (14.5) 7-16 7

Distance Fingertip Il to Midlin 13.7 (14.5) 7-18 14

13.5 (14.5) 8-18 8

Inner Trackway Width 13.9 (13.9) 12-16 8

Outer Trackway Width 36.8 (37.0) 35-39 7

Pace 43.2 (43.3) 40-49 15

43.6 (43.3) 40-49 11

Stride 68.8 (69.4) 6573 7
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Pace Angulation 103.8 (103.5) 101-106 | 6

Rotation 5.3 (4.0) -5-26 12

7.1 (5.0) -4-26 7

Calculated Divarication 7.4 (6.0) 0-22 12

Pes Length 17.4 (17.9) 14-20 9

17.8 (18.6) 14-20 7

Width (Toetip I-IV) 11.5(11.3) 11-12 10

11.7 (11.6) 11-12 8

Width (Toetip I-111) 6.9 (6.9) 6-8 9

7.0 (6.9) 6-8 7

IDA I-IV 33.3 (36.0) 1943 6

31.4(35.0) 1940 5

Manus-Pes Distance 10.5 (10.5) 8-14 9

11.0 (10.8) 9-14 7

Distance Heel to Midline 11.8 (12.2) 8-16 14

12.2 (12.8) 8-16 8

Distance Toetip Il to Midline 15.3 (14.8) 1319 8

16.3 (16.6) 14-19 5

Inner Trackway Width 13.6 (13.3) 8-20 8

Outer Trackway Width 40.7 (40.7) 3547 6

Pace (Digit I1I) 45.7 (44.9) 37-57 15

46.2 (44.9) 37-57 9

Pace (Heel) 40.5 (40.8) 3344 16

39.4 (40.3) 3344 9

Stride (Digit 1) 67.8 (66.7) 64-74 9

Stride (Heel) 65.6 (65.6) 60-70 7

66.5 (66.8) 62-70 6

Pace Angulation (Digit Il) 95.0 (96.0) 86-104 8

Pace Angulation (Heel) 107.9 (110.0) 94-119 7

110.2 (112.0) 101-119 | 6

Calculated Divarication 7.9 (7.9) 1-13 7

Midpoint Manus Distance 2.4 (1.8) 05 5
Midpoint Pes Distance

Glenoacetabular Length 46.6 (46.7) 45-49 6




TABLE 2

75

Overall variability in trackway proportions. Measurenmeate expressed as ratios of the

parameter of interest to either manus or pes lengliwo versions of each comparison are
$E SuE JUVE» 1AV 8 Biagassg
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value.
Ratio Treatment Minimum | Maximum | Mean | Standard| Maximum/| N
Deviation| Minimum
Manus Length/Pes Lengtll Single Cases 0.42 0.65| 0.520 0.051 155| 41
Trackway Meang 0.44 0.57| 0.518 0.038 1.30| 9
Manus Width/Manus Single Cases 1.04 1.76 | 1.282 0.109 1.69| 57
Length Trackway Meang 1.13 1.76 | 1.311 0.179 156 9
Manus Stride/Manus Single Cases 4.82 7.70 | 5.922 0.828 1.60| 20
Length Trackway Meang 5.09 7.17| 5.837 0.624 141 8
Manus Inner Trackway Single Cases 1.09 2.55| 1.651 0.375 2.34| 20
Width/Manus Length Trackway Meang 1.14 2.34| 1.645 0.379 205| 8
Manus Outer Trackway | Single Cases 3.36 5.00 | 4.030 0.425 149| 21
Width/Manus Length Trackway Means 351 4.70| 3.977 0.375 1.34| 8
Distance Manus Wrist to | Single Cases 0.35 1.16| 0.731 0.178 3.31| 34
Trackway Midline/Pes | Trackway Mean 0.52 0.92| 0.707 0.130 1.77] 7
Length
Distance Manus Digit Ill | Single Cases 0.38 1.35| 0.817 0.193 3.55| 38
Tip to Trackway Trackway Means 0.54 1.17| 0.773 0.196 217| 7
Midline/Pes Length
Manus-Pes Distance/Pes| Single Cases 0.48 1.39| 0.900 0.230 290| 51
Length Trackway Meang 0.51 1.16 | 0.827 0.225 227 9
Pes Width (I-1V)/Pes Single Cases 0.58 0.88| 0.701 0.068 152 | 47
Length Trackway Meang 0.64 0.84 | 0.707 0.063 131 9
Pes Width (I-Il1)/Pes Single Cases 0.34 0.59| 0.459 0.056 1.74| 56
Length Trackway Meang 0.40 0.58| 0.467 0.055 145 9
Pes Stride (Digit IlI Single Cases 2.27 4.43| 3.078 0.465 1.95| 28
Tip)/Pes Length Trackway Means 2.65 3.90| 3.081 0.380 1.47| 8
Pes Stride (Heel)/Pes Single Cases 2.55 3.66| 3.059 0.303 1441 18
Length Trackway Means 2.68 3.77| 3.164 0.384 141 7
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Distance Pes Digit Il Tip { Single Cases 0.69 1.08| 0.819 0.095 1.57| 46
Trackway Midline/Pes | Trackway Means 0.73 0.88| 0.805 0.057 121] 7
Length

Pes Inner Trackwg Single Cases 0.45 1.12| 0.724 0.154 2.49| 27
Width/Pes Length Trackway Meang 0.43 0.85| 0.645 0.134 1.98] 9
Pes Outer Trackwg Single Cases 1.78 2.72| 2.165 0.210 1.53| 20
Width/Pes Length Trackway Means 1.80 2.34| 2.128 0.197 1.30| 8

TABLE 3

Partial or simple correlations between trackway measugais. Data cases are individual
measurements (not trackway means), made without reig@arthe number of footprints per

trackway. Significant correlations indicatedbiold.

Control Variable | Test Variables r p N
Manus Print Manus Stride Manus Trackway Inner| -0.432| 0.108 | 13
Length Width
Manus Stride Manus Trackway Outen -0.150| 0.579 | 14
Width
----- Manus Rotation Calculated Manus 0.921 | <0.001| 47
Divarication
Pes Print Length | Distance Manus Digit 1| Distance Pes Digit Ill T| 0.019 | 0.912 | 35
Tip to Midline to Midline
Distance Manus Wrist | Distance Pes Heelto | -0.024| 0.893 | 31
to Midline Midline
Pes Trackway Inner Manus-Pes Distance 0.061 | 0.771 | 23
Width
Pes Trackway Outer | Manus-Pes Distance | -0.019| 0.940 | 16
Width
Pes Heel Stride Pes Digit Il Stride 0.909 | <0.001| 10
Pes Trackway Inner Pes Digit Il Stride 0.572 | 0.008 | 18
Width
Pes Trackway Outer | Pes Digit Il Stride 0.437 | 0.091 | 14
Width
Pes Digit Ill Stride Manus-Pes Distance | -0.708 | <0.001| 24
Manus Stride Pes Digit Ill Stride 0.981 | <0.001| 12




Nonparametric correlations between relative stride l&mgr relative trackway width and pace
angulation. Data cases are individual observations rather thasktvay means. Significant

TABLE 4

correlations indicated itold.

7

Test Variables < v 00[®§ "%k E&u V[ N
(p) )

Manus Stride/Manus Manus Pace Angulatio] 0.574 (0.001) | 0.779 (<0.001)| 19
Length
Manus Trackway Inn¢ Manus Pace Angulatio| -0.683 (<0.001) -0.828 (<0.001) 15
Width/Manus Length
Pes Digit Ill Stride/Pes | Pes Digit Ill Pace 0.433 (0.002) | 0.590 (0.001) | 28
Length Angulation
Pes Heel Stride/Pes Len(¢ Pes Heel Pace 0.537 (0.003) | 0.677 (0.003) | 17

Angulation
Pes Inner  Trackwg Pes Digit Il Pace -0.343 (0.033) | -0.470(0.032) | 21
Width/Pes Length Angulation
Pes Inner  Trackwg Pes Heel Pace 0.029 (0.881) | 0.047 (0.869) | 15
Width/Pes Length Angulation

TABLE 5

Regression equations for predicting lengthCobcodylus acutusom the manus and pes

length proxies; data from Kumagai (2010). Equations basgaks lengths exclude the two
most egregious outlier points (Fig. 25B, D).

Total length (cm) = 27.717 manus print length proxy)(€2.386; r = 0.988, p < 0.001, N =

Shoulder-hip length (cm) = 6.602 manus print lengibxy (cm)t 1.330; r = 0.989, p < 0.001

N =57

Total length (cm) = 16.249 pes print length proxy)(¢®.157; r = 0.986, p < 0.001, N = 58

Shoulder-hip length (cm) = 3.856 pes print lengtbxyr(cm) - 1.831; r = 0.993, p < 0.001, N

54

[ Formatted: French (France)

[ Formatted: French (France)
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Size estimates of American crocodiles from autopodiemgihs and glenoacetabular length.
Estimates are based on simple linear regression nsoofetrocodile length vs. autopodium
length forCrocodylus acutu@able 5). Trackways 6 and 7 are thought to have besmterby

the same individual.

Trackway Autopodium Mean or Estimated | Estimated | Mean or Single
Single Trackmakern Trackmaker| Trackway
Autopodium Total Shoulder- | Glenoacetabulal
Length (cm)| Length | Hip Length| Length (cm)
(cm) (cm)
1: 20130419 | Manus 8 219 51 45
Pes 18 288 68
2:20140313 | Manus 11.0 303 71 51
Pes 22.7 365 86
3:20140323 | Manus 8 219 5. | -
Pes 14.9 238 56
6: 20141120 | Manus 8.4 230 54 | -
Pes 16.2 259 61
7:20141130 | Manus 9.0 247 58 41.8
Pes 16.7 267 63
9: 20150119 | Manus 9.3 255 60 41.7
Pes 16.2 259 61
10: 20150129 | Manus 9.7 266 63 49.7
Pes 18.7 300 70
11: 20150311 | Manus 12.2 336 79 59.0
Pes 23.7 381 90
12: 20160116 | Manus 9.6 264 62 46.6
Pes 17.4 279 65

TABLE 7
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T-tests for left/right irregularity in pace length§two Costa Rican crocodile trackways. Tests
are performed for comparisons in which there were ade5 measurements for each left or
right beginning pace. Significant test is indicatetiold.

Trackway Pace Parameter Mean Pace t(p) N
Length Beginnin (Left:
with Print (cm) right)
Left Right

Trackway 9: 20150119 | Manus 36.2 35.4 | 0.473 (0.647)| 6:5

Pes Digit Il 36.9 35.3 | 1.785 (0.100)| 9:9

Trackway 12: 2016011¢ Manus 43.3 43.1 | 0.158 (0.877)| 8:7

Pes Digit Il 49.1 42.8 | 2.919 (0.012)| 7:8
Pes Heel 42.1 39.4 | 1.829 (0.089) 6:10




80

108" N+

1WA W

102 ¥

Figure 1



Figure 2

81



Figure 3

82



83

Figure 4



84

Figure 5



Figure 6




Figure 7




Figure 8




Figure 9




Figure 10




Figure 11




Figure 12




Figure 13




Figure 14




Figure 15




Figure 16




Figure 17




Figure 18




Figure 19




Figure 20




100

Figure 21




101

Figure 22




102

Figure 23




103

Figure 24




104

Figure 25




105

Figure 26




106

Figure 27




107

Figure 28




