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Figure 10. Upper limit expansion rates across elevation contours generated from four

of the largest clades in our analysis (ovenbirds, n = 287; tanagers, n = 325;

hummingbirds, n = 334; and flycatchers = 381). Hollow circles show weighted mean

rates and bars are weighted mean standard deviations.
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Figure 11. Upper limit contraction (ULC) rates in transitions per 10 million years across
elevation contours for four of the largest clades in analysis (ovenbirds, n = 287; tanagers,
n = 325; hummingbirds, n = 334; and flycatchers = 381). Dashed lines are visual aid
connecting mean rates. Gray bars are standard deviations.

However, the combined results for ULC, LLE, and LLC were inconsistently replicated in
these large clades. For example, whereas hummingbirds and flycatchers showed
increasing ULC rates with elevation, tanagers and ovenbirds showed peak ULC rates at
1500 m. A noticeable dip in downward (ULC) contraction occurred in tanagers at ~3000

meters, perhaps the result of a clade-specific adaptive constraint.
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Transitions/10 Ma

Modern versus historical transition rates

Overall the rates generated by our simulations were five orders of magnitude slower than
rates of shift predicted by current escalator models (61, 62). Though the slow nature of
diversification and phylogenetic constraints may bias our rates towards low values. To
test for phylogenetic constraints on elevation ranges, we re-ran our analyses while
randomizing the phylogenetic positions of taxa, effectively removing phylogenetic signal
while maintaining the timescale of diversification and the observed elevational species
richness gradient. This resulted in significantly elevated rate estimates at all contours and

for all types of elevational shift (Figure 12; Tables 6-9).
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Figure 12. Blue points show mean rates generated combining two alternative tapaculo
topologies across elevation contours. Yellow points show means rates for ten simulations after
randomization of elevation ranges to remove associated phylogenetic signal
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ULE

contour W P-value
500 1461 0.0001376
1000 1770 3.32E-05
1500 1968 2.48E-07
2000 1980 1.76E-07
2500 1977 1.92E-07
3000 1990 1.32E-07
3500 1976 1.97E-07
4000 1777 4.62E-06
ULC
contour w P-value
500 1979 1.81E-07
1000 1938 1.07E-07
1500 1989 1.02E-07
2000 2000 9.83E-08
2500 1927 7.79E-07
3000 1795 3.65E-06
3500 1311 1.80E-03
4000 72 9.31E-01
LLE
contour w P-value
500 2000 9.83E-08
1000 1997 1.07E-07
1500 2000 9.83E-08
2000 1785 2.87E-05
2500 1737 1.31E-05
3000 1025 1.06E-02
3500 232 1.34E-01
4000 NA NA
LLC
contour w P-value
500 1769 4.17E-05
1000 1982 1.66E-07
1500 1972 1.67E-07
2000 1998 1.04E-07
2500 1977 1.08E-07
3000 1937 1.10E-07
3500 1759 1.85E-05
4000 1899 5.88E-07

Table 6. Critical values and P-values for
Wilcox signed rank test between mean
upper limit expansion (ULE) rates
generated by 10 randomizations
designed to remove phylogenetic signal
from the tapaculo tree and rates
generated from observed elevation range
data.

Table 7. Critical values and P-values for
Wilcox signed rank test between mean
upper limit contraction (ULC) rates
generated by 10 randomizations designed
to remove phylogenetic signal from the
tapaculo tree and rates generated from
observed elevation range data.

Table 8. Critical values and P-values for
Wilcox signed rank test between mean
lower limit expansion (LLE) rates
generated by 10 randomizations designed
to remove phylogenetic signal from the
tapaculo tree and rates generated from
observed elevation range data.

Table 9. Critical values and P-values
for Wilcox signed rank test between
mean lower limit contraction (LLC)
rates generated by 10 randomizations
designed to remove phylogenetic signal
from the tapaculo tree and rates
generated from observed elevation
range data.
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DISCUSSION

Transition events

Our simulations recapitulated the complete history of elevational shifts during the
diversification of 40 neotropical landbird clades, containing 2,624 species. The combined
results showed that upper limit expansions (ULE) were represented almost twice as often
as lower limit expansions (Figure 3). This result was expected because Oligocene to early
Miocene ancestors for most of these clades would have occupied only lower elevational
zones, with subsequent upward colonization following Andean uplift (13). Even after that
process of montane colonization, the lower range limits for a substantial portion of

species remain bounded by the lower extent of the elevational gradient (Figure 13).
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Figure 13. Counts of species in analysis with modern lower elevation limit (A) and upper
limit (B) in each 500-meter elevation zone.

Transition rates

To estimate rates of crossing for each of the nine hypothetical invisible barriers in our
model, we divided the number of elevational shifts by evolutionary opportunity to shift
(total phylogenetic path length during which the range limit was in an adjacent zone).

The rates revealed striking patterns, some of which were predicted by theory (Figure 6).
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The rates for upward and downward shifts were similar overall but differed in their
distributions across the gradient. Expansions occurred ~2-fold faster than contractions, at
both upper and lower range limits (Figure 3). ULE rates were positively correlated with
elevation, with shifts per 107 years steadily increasing from 2.8 at the 500-m contour to
9.3 at 4000 m (Figure 6). These findings reject the DMP prediction that ULE should be
constrained by the harshness of the environment. Instead, the inhibitory effects of biotic
diversity on invasibility appear to be the predominant mechanism regulating the rate of
upward colonization. An alternative interpretation for the correlation between ULE rates
and elevation could be that lower elevation species were more likely to be 'trapped' on
lower mountain peaks, and less likely to have access to the next higher zone; however,
we found that the vast majority of extant species do have access to upward shifts, and the

proportion that are 'trapped' does not vary systematically with elevation (Figure 14).

25



1.00
500 m 1000 m 0.25
0.75
0.50
028
””” : 0.20
5 0.15
[=}
2 S
Py o
e
& 0.10
0.00
1.00 0.05
0.75
0.50
0.25 0.00
%% 2 4 6 0 2 4 6 500 1000 1500 2000 2500 3000 3500 4000
Log,, area (km) above upper limit Elevation zone (m)

Figure 14. Panel A shows cumulative density curves for percentage of land area above
each of 8 subsets of species with current ranges below one of 8 elevational thresholds.
The dashed lines reflect the proportion of species for each subsets whose shapefiles
contain < 100 km above their maximum reported elevation (P100 Index). Panel B. plots
percentage (P100 index) is plotted for each upper limit, showing no relationship with
elevation. Suggesting that at no point across the gradient are species with certain upper
limit trapped by lack of access to higher elevations.

Upper range limit dynamics were similar for expansion and contraction. Lineages that
occurred higher on the elevational gradient exhibited faster rates of downward
specialization, or were more likely to withdraw from the highest elevational zone in
which they occurred. ULE and ULC rates together indicated that higher elevations
experienced faster colonization-extirpation dynamics, analogous to small islands under

classic theory (63). But differences between mountains and islands may shed light on

underlying mechanisms. In the Andes, land area does not decline monotonically with
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elevation (64), suggesting that dynamism is not directly attributable to area effects.
Rather, dynamism may be directly and inversely linked to biotic diversity, reflecting
pervasive effects of species interactions on community stability. A similar mechanism
might underpin accelerated diversification in high-elevation bird lineages of the world

(Quintero and Jetz 2018).

Upper limit range dynamics showed no evidence of constraints related to high-elevation
genetic adaptation, but lower limit dynamics were consistent with a middle-elevation
adaptive threshold. LLE rates formed a parabolic curve with the lowest values at 1500—
2500 m and the highest rates at the elevational extremes (Figure 6). Many bird lineages
independently evolved genetic adaptations to optimize respiration under high-elevation
hypobaric hypoxia (25, 30, 65-67), but many fewer are known to have secondarily
adapted to lowlands. For example, hummingbirds underwent 83aiy->ser at least 17 times,
but reversed that change definitively only once (30). It may be non-trivial to reverse Hb
adaptation by natural selection because effectively neutral changes that accumulate over
time are likely to have epistatic effects, altering the availability of adaptive pathways (25,
31). Furthermore, adaptation to high elevation often involves disabling mechanisms of
phenotypic plasticity that are maladaptive at low POx: the hypoxia inducible factor
pathway (68) endogenous nitric oxide production (69), the hypoxic ventilatory response
(70), and heterotropic cooperativity of Hb (71). Dollo's law suggest that these complex

pathways, once disabled, may not be easily re-evolved (72).
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The adaptive threshold hypothesis is corroborated by LLC rates that peak at middle
elevations (3.6 per 107 years at 2500 m; Figure 2). At elevational extremes, LLC rates
were lower, 1.6 — 2.1 per 107 years. The mid-elevation peak in LLC rates suggests that
high elevation species that range downward past the middle of the gradient tend to
contract upward. A plausible explanation for this is that downward expansion past an
adaptive threshold leads to local mismatch of high-elevation adapted genetic backgrounds
with high PO, environments. Mid-elevation peaks in LLC rates also occurred in clade-
specific analyses for ovenbirds, tanagers, and hummingbirds, suggesting adaptive
thresholds ranging from ~2000-3000 meters for these clades (Figure 8). LLE rates
showed a mid-elevation dip in all three clades, although its position was variable (Figure
9). All three groups contain lineages that are known to have undergone genetic adaptation

to high elevations (25, 30).

Clade-specific transition rates

Elevational range dynamics of each of the 40 genus- to family-level clades revealed
idiosyncratic variation, suggesting clade-specific eco-evolutionary forces (Figures 8-11).
Consistent with the combined analyses, the four largest neotropical families
independently exhibited increasing rates of ULE with increasing elevation, refuting the
DMP prediction (Figure 3). However, the combined results for ULC, LLE, and LLC were
inconsistently replicated in these large clades. For example, whereas hummingbirds and
flycatchers showed increasing ULC rates with elevation, tanagers and ovenbirds showed
peak ULC rates at 1500 m. A noticeable dip in downward (ULC) contraction occurred in

tanagers at ~3000 meters, perhaps the result of a clade-specific adaptive constraint.
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Modern versus historical transition rates

Considering current rates of anthropogenic global warming, escalator models predict that
range limits will shift upward (ULE and LLC) by one to two 500-m zones over the
coming century, a rate that would be five orders of magnitude higher than observed in our
simulations (61, 62). The long timescale of bird diversification might bias phylogenetic
models toward slow rate estimates, obscuring their maximum potential. However, if
elevational range limits are phylogenetically conserved, or similar among related
lineages, it would implicate deterministic evolutionary constraints. To test this, we re-ran
our analyses while randomizing the phylogenetic positions of taxa, effectively removing
phylogenetic signal while maintaining the timescale of diversification and the observed
elevational species richness gradient. This resulted in significantly elevated rate estimates
at all contours and for all types of elevational shift (Figure 12; Tables 6-9).

This finding of phylogenetic conserved elevational range limits suggests that the
mismatch between evolutionary and predicted rates of elevational shift is attributable at

least in part to genetic mechanisms of evolution.

Conclusions

Overall, our results suggest that elevational shifts occurred fastest at upper range limits
and at higher elevations. This increasing dynamism with elevation, including faster
colonization and extirpation, was most likely a consequence of the elevational diversity
gradient and the stabilizing effects of biotic diversity. Lower range limit dynamics

suggest constraints associated with reversing adaptations to high elevation. This detailed
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examination of the history of elevational shifts clarifies which eco-evolutionary forces
have been limiting in the past, providing context for predicting future biotic change on

elevational gradients.
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Appendix 1

clade species min_elev max_elev citation(s) and notes

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D.A. & de Juana, E. (eds.) (2017).

Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. (retrieved
Accipitridae Busarellus nigricollis 0 500 from http://www.hbw.com/ on 30 August 2017).

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D.A. & de Juana, E. (eds.) (2017).

Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. (retrieved
Accipitridae Leucopternis princeps 0 750 from http://www.hbw.com/ on 30 August 2017).

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D.A. & de Juana, E. (eds.) (2017).

Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. (retrieved
Accipitridae Buteo albicaudatus 0 2400 from http://www.hbw.com/ on 30 August 2017).

Jaramillo, A., Burke, P., & Beadle, D. (2003). Field guide to the birds of Chile. C.
Accipitridae Buteo polyosoma 0 5000 Helm, London, UK.

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D.A. & de Juana, E. (eds.) (2017).

Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. (retrieved
Accipitridae Buteo poecilochrous 3000 5000 from http://www.hbw.com/ on 30 August 2017).

Schulenberg, Thomas S., et al. Birds of Peru: revised and updated edition.
Accipitridae Geranoaetus melanoleucus 0 4600 Princeton University Press, 2010.

McMullan, M., and L. Navarrete. "Fieldbook of the birds of Ecuador, including
Accipitridae Leucopternis occidentalis 0 1500 the Galapagos Islands." Fundacién Jocotoco: Quito (2013).

McMullan, Miles, Thomas M. Donegan, and Alonso Quevedo. Field guide to the
Accipitridae Leucopternis albicollis 0 1600 birds of Colombia. Second Edition. Fundacién ProAves, 2014.

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D.A. & de Juana, E. (eds.) (2017).

Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. (retrieved
Accipitridae Leucopternis polionotus 500 1500 from http://www.hbw.com/ on 30 August 2017).

McMullan, Miles, Thomas M. Donegan, and Alonso Quevedo. Field guide to the
Accipitridae Leucopternis semiplumbeus 0 1200 birds of Colombia. Second Edition. Fundacién ProAves, 2014.

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D.A. & de Juana, E. (eds.) (2017).

Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. (retrieved
Accipitridae Leucopternis kuhli 0 500 from http://www.hbw.com/ on 30 August 2017).
Accipitridae Leucopternis melanops 0 1000 Hilty, Steven L. Birds of Venezuela. Princeton University Press, 2002.

Howell, Steve NG, and Sophie Webb. A guide to the birds of Mexico and
Accipitridae Buteo nitidus 0 1800 northern Central America. New York: Oxford University Press, 1995.

IUCN 2018. The IUCN Red List of Threatened Species. Version 2018-2.
Accipitridae Buteo lineatus 0 2500 http://www.iucnredlist.org. Downloaded on 20 July 2018.

Schulenberg, Thomas S., et al. Birds of Peru: revised and updated edition.
Accipitridae Buteo platypterus 0 3000 Princeton University Press, 2010.

Howell, Steve NG, and Sophie Webb. A guide to the birds of Mexico and
Accipitridae Buteo jamaicensis 0 3200 northern Central America. New York: Oxford University Press, 1995.
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Accipitridae
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Buteo swainsoni
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Buteo lagopus
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Leucopternis lacernulatus
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