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FIG. 4 Phylogenetic relationships of the Nothrotheriinae. The Nothro-
theriinae are included within the Megalonychidae®*® in contrast to
other interpretations, which relate them to the Megatheriidae'*?°. Node
1, Megalonychidae: anterior tooth modified into caniniform and separ-
ated from cheek teeth by diastema, tuber calcis of calcaneum medio-
taterally expanded, fifth metatarsal trapezoidal in shape with facets for
cuboid and fourth metatarsal at oblique angle, third trochanter present
on femur. Node 2, Megalonychinae: caniniform positioned at anterior
margin of maxilla, cheek teeth triangular and bilophodont with trans-
verse lophs convergent, medial trochlea of astragalus not modified into
odontoid process, patellar surface of femur continuous with condylar
surfaces. Node 3, Nothrotheriinae: caniniform positioned midway
between anterior margin of maxilla and tooth row, cheek teeth quadran-
gular and bilophodont with transverse lophs parallel, longitudinal groove
present on labial side of cheek teeth, post-palatine notch extends to
last upper cheek tooth, supraorbital foramen present, predental spout of
mandible elongated, ventral margin of predental spout straight, patellar
groove of femur separated from condylar surfaces, astragalus with
medial trochlea modified into odontoid process, proximal and second
phalanges digit three pes co-ossified (unknown in Nothropus). Node 4,
slight inflation of base of pterygoids. Node 5, loss of caniniform, post-
palatine notch of palate positioned posterior to last upper cheek tooth,
ventral margin of predental spout sigmoid relative to horizontal ramus,
ungual phalanx of digit two of the manus dorsoventrally compressed.
Node 6, pterygoids inflated with large pterygoid sinuses, ungual phalanx
of digit one of the pes lost (unknown in Thalassocnus). Node 7, third
trochanter forms continuous ridge with lateral epicondyle of femur.

The caudal vertebrae (Fig. 2d-g) of Thalassocnus have short
but anteroposteriorly elongated transverse processes. In the first
posterior caudal vertebrae, the transverse processes acquire a
foramen for the passage of the segmental arteries™. In the more
posterior caudals, the foramen opens laterally and the transverse
process becomes bifurcated. This condition is absent in other
sloths but is observed in otters (Fig. 24) and beavers (Fig. 2i),
semi-aquatic mammals capable of powerful dorsoventral strokes
of the tail.

Thalassocnus therefore indicates another pathway by which a
terrestrial group has shifted to an aquatic habitat. The anatom-
ical features are different from those in other semi-aquatic mam-
mals (hippos, desmostylians, aquatic rodents, aquatic
carnivores) because of the inherent restriction due to the ana-
tomical constraints of being a sloth. In fact there seems to be
many ways in which a mammal can become aquatic or semi-
aquatic.

Thalassocnus is a nothrotheriine megalonychid (Fig. 4) which
was living on the beaches of the Pliocene desert coast of the
southern Peru. We suggest that it had semi-aquatic habits and
was entering the near-shore waters (femur and patella morphol-
ogy) where it grazed on sea-grasses or seaweeds (premaxilla
morphology). Strong dorsoventral movements of the tail
(morphology of the caudal vertebrae) would have helped to
maintain a head-down feeding position. Swimming could
have been by paddling of the hind limbs (morphology of femur
head and length of tibia). Thalassocnus was certainly not
a fast swimmer, but the taphonomy strongly supports semi-
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aquatic habits and the anatomy is consistent with this interpre-
tation. O
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SivpLE nonlinear models can generate fixed points, periodic cycles
and aperiodic oscillations in population abundance without any
external environmental variation. Another familiar theoretical
result is that shifts in demographic parameters (such as survival
or fecundity) can move a population from one of these behaviours
to another' ™. Unfortunately, empirical evidence to support these
theoretical possibilities is scarce®'>. We report here a joint theo-
retical and experimental study to test the hypothesis that changes
in demographic parameters cause predictable changes in the nature
of population fluctuations. Specifically, we developed a simple
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model describing population growth in the flour beetle Tribolium'®.
We then predicted, using standard mathematical techniques to ana-
lyse the model, that changes in adult mortality would produce
substantial shifts in population dynamic behaviour. Finally, by
experimentally manipulating the adult mortality rate we observed
changes in the dynamics from stable fixed points to periodic cycles
to aperiodic oscillations that corresponded to the transitions fore-
cast by the mathematical model.

We modelled the relationship linking larval, pupal and adult
numbers at time ¢+ 1 to the number of animals at time 7 in the
flour beetle (see ref. 9). The model is a system of three difference
equations:

Lt+1 ZbAI cxp (—CcaAtf Cc]Lt)
Pooy=L(1—u) (1
Ai1=Pexp (—cpaAd) + A1 — )

Here, L, is the number of feeding larvae, P, is the number of
non-feeding larvae, and pupae and callow adults, and A, is the
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FIG. 1 Stability boundaries for the deterministic model (1) for three
experiments. a, Sensitive strain®® with b=11.68, c.,=0.011, ¢ .=
0.017, u,=0.513. The filled circle locates the population in parameter
space. The broken line and open circles indicate the extrapolated pre-
dicted dynamic behaviour as a function of aduft mortality. b, RR strain
with b=7.88, .. =0.011, ¢,.=0.004, y,=0.161. ¢, SS strain with b=
7.48, c..=0.009, c,,=0.004, u,=0.267. The filled circles locate the
experimental populations in parameter space. In b and ¢ the bar rep-
resents a 95% confidence interval for ¢, based on the profile likelihood.
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number of mature adults, at time ¢; the unit of time (2 weeks)
is taken to be the feeding larval maturation interval, so that after
one unit of time a larva either dies or survives and pupates. This
unit of time is also the cumulative time spent as a non-feeding
larva, pupa and callow adult. The quantity >0 is the number
of larval recruits per adult per unit of time in the absence of
cannibalism. The fractions u, and u, are the larval and adult
probabilities, respectively, of dying from causes other than can-
nibalism. The exponential nonlinearities account for the cannib-
alism of eggs by both larvae and aduits and the cannibalism of
pupae by adults. The fractions exp(—c..4,) and exp(—cyl,) are
the probabilities that an egg is not eaten in the presence of 4,
adults and L, larvae. The fraction exp(—c,.4,) is the survival
probability of a pupa in the presence of A4, adults.

For fitting to time-series data, the model was converted to a
stochastic model with noise added on a logarithmic scale:

L,y :bAI EXp (‘ceaAl_CelLl—‘l-Ell)
Py =L(1—p)exp (Ez) (2)
Al+ 1= [Pl exXp (_CpaAt) +A1(] _.ua)] exp (E31)

Here E,,, E,, and E;, are random noise variables assumed to
have a joint multivariate normal distribution with means of zero.
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FIG. 2 Time-series data for individual replicates of the RR strain. At
week 12 the experimental manipulation of adult mortality rate began.
The centre column lists the imposed aduit mortality rates and the loca-
tion of the cultures in parameter space.
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The noise variables represent the unpredictable departures of
the observations from the deterministic model (1) due to
environmental and other causes. Maximum-likelihood estimates

of model parameters were calculated under the assumptions that

the noise variables are correlated with each other but uncorre-
lated through time'®. These assumptions were evaluated for all
the data sets by standard diagnostic analyses of time-series
residuals'’.

In the study reported here we experimentally set adult mortal-
ity rates at values suggested by the analysis of historical time-
series data'® (Fig. la) to place the experimental cultures in
regions of different asymptotic dynamics: u,=0.04, 0.27, 0.50,
0.73 and 0.96. There were also control cultures which were not
manipulated. Cultures of 7. castaneum (24 for each of two
genetic strains, RR and SS) were initiated with 100 young adults,
5 pupae and 250 small larvae. Each population was contained
in a half-pint (237 ml) milk bottle with 20 g of standard media
and kept in a dark incubator at 31 °C. Every two weeks the L,,
P,, and A, stages were censused and returned to fresh media.
This procedure was continued for 36 weeks. At week 12, four
populations of each genetic strain were randomly assigned to
each of the six treatments, and the imposition of adult mortalities
began. Adult mortality was manipulated by removing or adding
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FIG. 3 Time-series data for individual replicates of the SS strain. At
week 12 the experimental manipulation of adult mortality began. The
centre column lists the imposed adult mortality rates and the location
of the cultures in parameter space.
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adults at the time of a census to make the total number of adults
that died during the interval consistent with the treatment value
of u,. To counter the possibility of genetic changes in life-history
characteristics, beginning at week 12 and continuing every
month thereafter, the adults returned to the populations after
the census were obtained from separate stock cultures main-
tained under standard laboratory conditions.

For each genetic strain the four replicates of each treatment
were randomly assigned into two groups. With half of the data,
we fitted model (2) to the time series of the RR (Fig. 2) and SS
(Fig. 3) strains. The other half of the data were used for evaluat-
ing the model predictions. Analyses of time-series residuals'’
indicated that the stochastic model described the data quite well.
Using the model and maximum-likelihood parameter estimates,
based on the time series for weeks 12 to 36, we calculated the
stability boundaries (Fig. 15, ¢) and bifurcation diagrams (Fig.
4) for each genetic strain.

The parameter estimates placed the control and u,=0.04
treatments in the region of stable equilibria. In the p,=0.27
treatment there was a transition in the dynamics: regular, albeit
small, fluctuations were found in the adult data, whereas large
and sustained oscillations were noted in larval numbers. These
populations were located in the two-cycle zone. At u,=0.50
both strains were in the two-cycle region and displayed sustained
oscillations, most noticeably in larval numbers. With u,=0.73
the RR strain was close to the two-cycle boundary but the SS
strain underwent another transition and was clearly in the region
of stable equilibria. Fluctuations in the RR strain were sustained
(Fig. 2) whereas the fluctuations in the SS strain appeared to
dampen (Fig. 3).

In the p,=0.96 treatment both strains underwent another
transition in the dynamics. The RR strain was in the stable
equilibria region and the SS strain was in the region of aperiodic
oscillations; however, both were close to the boundary at which
a bifurcation to aperiodicities occurs (Fig. 15, ¢). Being close to
the aperiodic bifurcation boundary means that the transients of
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FIG. 4 Bifurcation diagrams for the model equations (1) for parameter
values based on the experimental data. a, RR strain; b, SS strain. The
double arrows indicate the adult mortality rate treatments.
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the RR strain are expected to appear aperiodic and only slowly
decay into the equilibrium. Both genetic strains displayed the
expected aperiodic fluctuations (Figs 2 and 3).

Oscillatory approaches to point equilibria, stable periodic
oscillations and aperiodic oscillations are difficult to distinguish
in short time series with model-free methods. OQur model-based
parametric approach to classifying dynamic behaviour is statist-
ically more powerful than non-parametric regression methods'®
or parametric flexible-response-surface methods'®. However, our
classifications depend on the adequacy of the model (2). We
minimized the risk of error by basing the model on detailed
knowledge of a well-studied system’ and by thorough diagnostic
analyses of the resulting time-series residuals'®. The data (Figs
2 and 3) also give a visual impression of dynamic behaviours
consistent with our classifications. Other, less-studied systems
require statistical approaches that are more robust to variations
in model form™.

Our joint theoretical and experimental study has documented
the transitions in the asymptotic dynamics of laboratory
cultures of Tribolium. This rigorous verification of the pre-
dicted shifts in dynamical behaviour provides convincing evi-
dence for the relevance of nonlinear mathematics in population
biology.
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MIGRATING birds rely on interacting compass senses: magnetic,
star, polarized light and perhaps Sun compasses'’. During the
development of orientation mechanisms, celestial rotation of stars
at night’ and of polarized skylight patterns during the day time®
provide information about true compass directions that calibrates
the direction of migration selected using the magnetic compass® '’
It might often be advantageous to adjust the magnetic preference
by a geographic reference, especially at high northern latitudes
where magnetic declination is large. Paradoxically, a magnetic
preference so calibrated will be reliable only within a region of
similar declination unless magnetic orientation remains open to
calibration in older birds, something that earlier studies suggested
was not the case'>. We report here that in the Savannah sparrow
(Passerculus sandwichensis) the same sort of calibration of
magnetic orientation found in very young birds also occurs in older
individuals exposed during the migration period to clear day and
night skies within a shifted magnetic field.

The Savannah sparrow is a medium-distance nocturnal
migrant that nests in grassland, meadow and tundra across
North America from the northern United States northwards to
60-70° N. It migrates to the southern United States southward
to northern Central America in winter. Adult Savannah spar-
rows possess magnetic'>'* and star compasses®, and use visual
cues associated with clear sunset skies (including skylight polari-
zation patterns)™'*"’ for orientation. We captured Savannah
sparrows in local breeding fields in early September, 1994, before
autumn migration. Of the 39 birds used in the experiment, 11
were adults (older than | year) and 28 were born during the
1994 nesting season (immature) (age determined by degree of
skull ossification). Except during experimental and control treat-
ments, the birds were housed in individual cages in a normal
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TABLE 1 Experimental treatments

Dates of exposure (1994)

Order

Group of tests  Field shift C S

(1) 4 aduits, cC s 90° CCW 9 Oct—13 Oct. 18 Oct.-27 Oct.
6 immatures

(2) 3 adults, S, C 90° CCW 27 Oct.—-31 Oct. 13 Oct.—18 Oct.
6 immatures

(3) 4 adults, c s 90" CW 13 Oct-18 Oct. 3 Nov.—-15 Nov.
6 immatures

(4) 10 immatures S C 90° CW 15 Nov.-24 Nov. 27 Oct.—31 Oct.

C, Outdoor exposure in unshifted magnetic field (control condition); S, outdoor
exposure in shifted magnetic field (shifted field condition); CCW, counterclockwise;
CW, clockwise.

magnetic field and under ambient photoperiod, but had no expo-
sure to the outdoors or sky. Groups of 10 birds were placed in
a single cage centred within a large (2.7 m) Rubens coil'® that
was used to shift the magnetic field direction. The birds remained
in the cage day and night until the group had experienced four
clear days and four clear nights. They were then returned to
individual cages and their magnetic orientation recorded in
covered Emlen funnel orientation cages'’ during tests conducted
indoors. Each group of birds was exposed to the day and night
sky within coils under two conditions: (1) in an unshifted mag-
netic field (5.5% 10* nT; inclination, 70°; declination, 13° W)
(control condition); and (2) in a magnetic field (5.6 x 10* nT;
inclination, 64°) shifted either 90° clockwise or 90° anticlockwise
(shift condition). Orientation was recorded from each individual
following each type of exposure (see Table 1 for details).
Savannah sparrows typically show axially bimodal magnetic
migration orientation when tested over several nights®'®"*. Indi-
vidual birds usually orient in a unimodal direction in each test,
but often switch to more or less opposite directions on subse-
quent nights. This is true of hand-raised birds as well as wild-
caught immatures and adults. Tested immediately after outdoor
exposure in the control condition, both adults and immatures
exhibited NNW-SSE magnetic orientation (Fig. 1a), typical of
Savannah sparrows that have been raised outdoors in situations
where magnetic and geographic directions were roughly
coincident™™'>'* After exposure under the shifted field condi-
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