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The distribution of forest cover alters Earth surface mass and
energy exchange and is controlled by physiology, which deter-
mines plant environmental limits. Ancient plant physiology, there-
fore, likely affected vegetation-climate feedbacks. We combine
climate modeling and ecosystem-process modeling to simulate ar-
boreal vegetation in the late Paleozoic ice age. Using GENESIS V3
global climate model simulations, varying pCO2, pO2, and ice ex-
tent for the Pennsylvanian, and fossil-derived leaf C:N, maximum
stomatal conductance, and specific conductivity for several major
Carboniferous plant groups, we simulated global ecosystem pro-
cesses at a 2° resolution with Paleo-BGC. Based on leaf water con-
straints, Pangaea could have supported widespread arboreal plant
growth and forest cover. However, these models do not account
for the impacts of freezing on plants. According to our interpreta-
tion, freezing would have affected plants in 59% of unglaciated
land during peak glacial periods and 73% during interglacials,
when more high-latitude land was unglaciated. Comparing forest
cover, minimum temperatures, and paleo-locations of Pennsylvanian-
aged plant fossils from the Paleobiology Database supports restric-
tion of forest extent due to freezing. Many genera were limited to
unglaciated landwhere temperatures remained above−4 °C. Freeze-
intolerance of Pennsylvanian arboreal vegetation had the potential
to alter surface runoff, silicate weathering, CO2 levels, and climate
forcing. As a bounding case, we assume total plant mortality at −4
°C and estimate that contracting forest cover increased net global
surface runoff by up to 6.1%. Repeated freezing likely influenced
freeze- and drought-tolerance evolution in lineages like the conifer-
ophytes, which became increasingly dominant in the Permian and
early Mesozoic.
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Glacial–interglacial cycles during Earth’s penultimate ice-
house, the late Paleozoic ice age [LPIA; 340 to 285 Ma

(1, 2)], subjected plants to oscillating, contrasting stressors.
These stressors resulted in repeated vascular-plant community
turnovers (2–4). Plant water use has been discussed as the causal
link between climate and community change (2–5). Nevertheless,
the freezing of internal plant water is an equally important di-
mension of water-related stress, particularly as plants exploited
more terrestrial environments (6–8). The LPIA is characterized
by high pO2, fluctuating atmospheric pCO2, and low solar lu-
minosity (9). The continental arrangement and paleotopography
were also unlike those of today. The Pangaean supercontinent
had large areas of southern high-latitude land and an equatorial
Central Pangaean Mountainous Region (CPMR) of varying to-
pographic relief. Each of these phenomena produced sustained
low temperatures that characterized large tracts of the Earth’s
surface (Fig. 1 and SI Appendix). Due to stresses like low tem-
perature, the LPIA is likely important in the evolutionary history
of vascular plants.
Periods of low temperature constrict forested areas, for ex-

ample, during the Last Glacial Maximum compared to the

preindustrial Holocene (10). Freezing temperatures likely lim-
ited the survivorship of arboreal plants during the LPIA. Fur-
thermore, much of Gondwanaland, the southern half of
supercontinent Pangaea, was not available for arboreal plants
during peak glacial periods due to land ice cover (Fig. 1). Still,
there is macrofossil evidence for abundant, diverse, and wide-
spread terrestrial plant ecosystems on the supercontinent Pan-
gaea (2, 11, 12). Plants that evolved some freeze tolerance before
or during the LPIA would have colonized higher latitudes and
elevations and influenced evolution and surface processes.
However, the environmental limitations of plant physiology—for
example, which arboreal plants were tolerant of freezing—and
the extent of forest cover in Paleozoic Earth are not well
understood.
The extent of Paleozoic plant distribution has been inferred

from the fossil record (13). Paleozoic climate characteristics have
also been used to infer Paleozoic phytogeography based on as-
sumed functional equivalencies between contemporary and Pa-
leozoic plants (14). Paleozoic climate can be estimated using
global climate models (GCMs) modified to incorporate past
environmental conditions [e.g., atmospheric CO2 and O2 levels,
paleogeography, and glacial ice extent (15)]. Assumed functional
equivalencies between contemporary and Paleozoic plants are a
common and valuable strategy. However, this may limit the
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accuracy of phytogeographic predictions because significant
morphological or anatomical differences between many Paleo-
zoic taxa and contemporary counterparts (e.g., nearest living
relative [NLR]) suggest functional differences. Carboniferous
lycopsids and sphenophytes, for example, were much larger than
their NLR. Other Paleozoic plants have no NLR for comparison
(e.g., pteridosperms). Paleozoic plant functional traits have been
derived from measurements of fossil leaf cuticles, stems, and
roots (16–23). These fossil-derived plant functional traits, along
with regional GCM climate data, have been used to model Pa-
leozoic ecosystem processes, including gas exchange, photosyn-
thetic rates, and plant productivity (2, 24, 25). By combining
global GCM data with fossil-derived ecosystem process model-
ing, we refine previous projections of forest cover during the
LPIA (2, 5).
We simulate global ecosystem processes using Paleo-BGC (24)

for the Pennsylvanian period utilizing daily output from the
GENESIS V3 GCM (26, 27) (Materials and Methods and SI
Appendix, Fig. S1). Our two parallel analyses are based on a
simulation set for each extreme of LPIA glacial glacial–
interglacial cycles, which varied in step with fluctuating pCO2
and eccentricity (23). We parameterized Paleo-BGC using plant-
fossil–derived foliar measurements of arborescent lycophytes

(lycopsids), sphenophytes, pteridosperms, stem-group mar-
attialean tree ferns, and early-diverging coniferophytes (cordai-
taleans) from the Carboniferous (see ref. 2 for discussion of
these plant types). We use leaf area index [LAI; m2 leaf · m−2

ground (28)] from Paleo-BGC as a key model output due to its
importance to plant gas exchange, productivity, and site water
balance. LAI is presented here as a proxy for forest cover (Study
Caveats). Paleo-BGC LAI maps for glacial and interglacial sce-
narios are limited only by carbon and water balance. As such, we
present these maps as a maximum extent of forest cover distri-
bution for each climate scenario, subject to further refinement.
Actual forest cover was likely subject to other limiting factors,
including mortality of plants due to freezing, which Paleo-BGC
does not simulate.
Freezing minimum temperatures are crucial for predicting

plant survivorship (e.g., US Department of Agriculture Plant
Hardiness Zones). A single night of low temperature may induce
freeze mortality with catastrophic consequences for vegetation
communities (29). In addition to general Paleozoic climate
characteristics, GCMs provide information on the frequency and
severity of extreme events, such as minimum temperatures, that
are not captured by monthly to annual climatologies (e.g., mean
annual temperature). We compare our simulated forest vegetation

Glacial Scenario: CO2 = 182 ppm, O2 = 28%
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Fig. 1. Maps of average (Tave: A and C) and daily minimum near-surface temperature (Tmin: B and D) from a general circulation model (GENESIS V3) for the
Pennsylvanian at 2-degree (longitude, latitude) resolution. Maps are in the Molleweide projection. The top maps (A and B) are from the glacial scenario with
182 ppm atmospheric CO2 and 28% O2. The bottom maps (C and D) are from the interglacial scenario with 546 ppm atmospheric CO2 and 28% O2. Ocean and
glaciated areas are shown as white. Average temperature conditions were favorable in many locations (SI Appendix) where freezing minimum temperatures
had the potential to limit plant growth.
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cover and the distribution of fossil occurrences of vascular
plants from the Paleobiology Database (PBDB) to GCM-derived
minimum temperature extremes. This comparison serves to 1)
further constrain Paleo-BGC predictions of plant growth based
only on carbon and water budgets and 2) provide a framework
for future investigation of freeze tolerance evolution in LPIA
plant taxa.
Finally, based on the synthesis of physiology, modeling, and

fossil data, we present a case study that demonstrates the po-
tential scale of the effect of reduced vegetation cover on hy-
drology. To facilitate this study, we assume only minimal freeze
tolerance had evolved in the Paleozoic vegetation, specifically,
that minimum temperatures below −4 °C resulted in total plant
mortality. This limitation of plants corresponds to an estimated
minimum extent of the distribution of forest cover. We then
estimate the change in surface runoff resulting from our assumed
limitation of forest cover by freezing. Depending on the coinci-
dence of freeze-intolerant plants, lithology, paleotopography,
and other factors, vegetative changes due to freezing may have
altered terrigenous material transport and silicate weathering
and thus the degree of weatherability and coupling between CO2
and climate during the late Paleozoic (30–32).

Results
Our simulations predict global average 10-y minimum daily
temperatures of −22.9 °C (±23.7, 1 SD; CO2 = 182 ppm) in the
glacial scenario and −29.0 °C (±28.0, 1 SD; CO2 = 546 ppm) in
the interglacial scenario. In the glacial scenario, 70% of the land
surface was unglaciated, whereas 95% of the interglacial sce-
nario land surface was unglaciated (Materials and Methods and
Study Caveats). Glacial temperature averages were higher than
interglacial temperature averages for ice-free land because of the
sizeable, glaciated area in the southern hemisphere of the glacial
scenario (Fig. 1 A and B and SI Appendix). Most locations, in-
cluding many low latitude locations, had freezing minimum
temperatures in the glacial scenario (Fig. 1B). Across tropical
terrestrial locations, the average minimum temperature was
12.6 °C (±10.2) in the glacial scenario and 19.5 °C (±6.5) in the
interglacial scenario. Nonfreezing locations in the glacial scenario
were located in the coastal and paramontane tropics and the
Cathaysian Islands. In the interglacial scenario, freezing mini-
mum temperatures were ubiquitous at greater than 25° latitude
and occurred sporadically in low-latitude, high-altitude locations
(Fig. 1D).
Ecosystem process simulations (Paleo-BGC) were run on all

ice-free terrestrial locations. The overall mean LAI for the
Pennsylvanian was 3.3 (±4.4). In the glacial scenario (CO2 = 182
ppm), global mean LAI was 2.3 (±2.9), which was 55% of mean
LAI in the interglacial scenario (CO2 = 546 ppm) with a value of
4.2 (±2.7). Simulated LAI grouped by Köppen climate classifi-
cation (33) compared favorably to field-measured LAI across
modern forest biomes associated with the same climates (28, 34)
(Table 1, Discussion, Study Caveats, and SI Appendix).
Locations that supported simulated arboreal vegetation cover

(average LAI ≥ 0.1; Materials and Methods) in the glacial sce-
nario were at low latitudes and midlatitudes, with intervening
areas of minimal LAI (Fig. 2A).
In the interglacial case, locations supporting arboreal vegeta-

tion were nearly global, except for a few locations at latitudes >
50° (Fig. 2B). The paleo-locations of Pennsylvanian plant fossil
occurrences from the PBDB (paleobiodb.org) were within areas
that could support arboreal vegetation based on Paleo-BGC
predictions. However, the distribution of fossil occurrences did
not reflect the extent of forest cover predicted by Paleo-BGC.
There were very few fossil occurrences recorded in the PBDB
from outside of the paleo-tropics (i.e., South America, Africa, or
Australia; Fig. 2). While plant communities growing outside
tropical regions during the late Carboniferous have been assumed

to be less abundant and diverse (35), preservation, collection, and
other biases likely reduced their representation in the fossil
record.
Overlaying the GENESIS V3 minimum temperature data

(Tmin) with forest vegetation cover simulated with Paleo-BGC
(SI Appendix, Fig. S1) revealed that much of the unglaciated
land that was predicted to support vegetation based on water
balance was also affected by freezing temperatures. In the glacial
scenario, 59% of unglaciated land area that supported vegetation
also froze (Table 2; cumulative up to Tmin ≤ 0 °C). Large high-
latitude areas were unglaciated in the interglacial scenario,
allowing 73% of unglaciated land to be both vegetated and
freezing. When we overlaid glacial scenario GENESIS V3 data
on PBDB fossil paleo-locations, many plant fossil occurrences
were in freezing locations (Table 2, Fig. 2, SI Appendix). Most
fossil occurrences were in locations where Tmin > −40 °C, how-
ever, and only a few genera were found in colder areas (SI Ap-
pendix, Fig. S9). For the interglacial, GENESIS V3 predicted
that the same paleo-locations were warmer, with most fossil
occurrences in locations with Tmin > −4 °C (note that fossil lo-
cations were not partitioned into glacial and interglacial; see
Study Caveats). However, for both glacial and interglacial sce-
narios, seed-bearing plant (i.e., spermatophyte) lineage groups
and sphenophytes occurred in locations with Tmin > −40 °C
(Table 2).

Discussion
Our ecosystem simulations provide preliminary process-based
estimates of the global extent of forest cover for the Pennsylva-
nian (323 to 299 Ma). We do not explicitly model non-
arborescent plants. However, in locations where water was
available but freezing limited arboreal forms, freeze-tolerant
herbaceous tracheophytes, basal embryophytes, and lichens
may have persisted (36). These data further confirm that global
conditions allowed widespread vegetation across the Pangaean
supercontinent, particularly during warmer interglacial periods
of the Pennsylvanian (Figs. 1 and 2 and Table 2). While simu-
lated LAI compares favorably to field-measured LAI across
Köppen climate classifications (33) (Table 1, Study Caveats, SI
Appendix), Paleo-BGC relies on C:N-based estimates of specific
leaf area (SLA) values for extinct plants to convert modeled leaf
mass to projected LAI (24). In the future, we suggest that these
estimates could be improved using alternative proxies for leaf
mass, such as the petiole width (37), adaxial epidermal density
(38), and cuticle thickness (39). Furthermore, forests were likely

Table 1. Comparison of LAI from field measurements of modern
forest biomes (28, 102) and Paleo-BGC simulated LAI for
Pennsylvanian glacial and interglacial extremes by climate zone

Modern field
measured LAI

Pennsylvanian Paleo-BGC
simulated LAI

Glacial Interglacial

Bioclimatic
zone

Mean Min Max Mean SD Min Max Mean SD Min Max

Tropical
Montane

7.4 4.2 12.4 8.4 1.9 2.8 13.0 11.3 1.3 9.0 15.3

Tropical 4.6 0.6 8.9 2.8 2.9 0.1 6.5 5.0 2.7 0.7 12.6
Temperate 5.4 0.1 15.0 4.2 1.9 0.2 10.4 8.2 2.7 2 15.2
Boreal 2.7 0.5 6.2 2.1 1.3 <0.1 6.7 3.3 1.7 <0.1 10.3
Polar 1.9 0.2 5.3 1.1 0.9 <0.1 5.3 1.1 1.0 <0.1 8.7

Simulation grid cells are classified into Köppen climatic zones (A = trop-
ical, C = temperate, D = boreal/continental, E = polar/alpine). In addition,
Köppen zone E is divided into tropical, montane, and polar groups. See SI
Appendix for details.
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2 = 182 ppm, O2 = 28%

2 = 546 ppm, O2 = 28%

Ferns & Uncl. Tracheophtyes
Lepidodendrales
Marattialean Tree Fern
Sphenophyte
Progymnosperms
Non-medullosan Pteridosperms, Peltasperms & Uncl. Spermatophytes

Medullosan
Cordaitales
Conifer

Fossil Plant TaxaLeaf Area Index (m²/m²)
11
1

Temperature <-40°C
Land Ice

B

A

Fig. 2. Maps of LAI in the Pennsylvanian in the Molleweide projection. A general circulation model (GENESIS V3) was used to produce global daily data (Tmin,
Tmax, precipitation;Materials and Methods) at 2-degree (longitude, latitude) resolution. These data were used as inputs to an ecosystem process model (Paleo-
BGC) that was parameterized using measurements from leaf fossils to simulate LAI. Each map is a mosaic of simulations representing the mean LAI produced
by eight representative Pennsylvanian taxa under each scenario. LAI maps are overlaid with pie charts representing locations of Pennsylvanian fossil oc-
currences from the PBDB (http://paleobiodb.org). Based on water balance, the glacial scenario (A) had constricted forest cover compared to the interglacial
scenario (B). However, many locations experienced extreme minimum temperatures cold enough to restrict plant growth in both scenarios.
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limited by low minimum temperatures during the LPIA as they
were during the Last Glacial Maximum (10).

Spatial Distribution of Freezing Temperatures and Forest Cover.
Freezing minimum temperatures were nearly global in occurrence
according to GENESIS V3 simulations (Fig. 1 A and B). The extent
of freezing suggests that it was a limiting factor in forest cover
distribution, even in the tropics. Modern tropical forests do not
experience freezing temperatures in a typical year (40). Most
neotropical tree species are injured or killed at Tmin ≤ 0 °C (41).
The Paleo-BGC model used here does not currently include freeze-
related injury and mortality. Therefore, the actual land area covered
by forest vegetation during the LPIAmay have been substantially less
if adaptation to survive leaf and stem freezing had not evolved
(Fig. 2 A and B, Table 2). Particularly during interglacial periods,
expansive southern hemisphere land area was available for simulated
vegetation based on water balance. Minimum temperature in these
locations would have intermittently excluded freeze-intolerant taxa
(i.e., hatched area in Fig. 2B).

Ecosystem and climate simulations together (SI Appendix, Fig.
S1) indicate that unglaciated land that could support vegetation
but did not freeze was limited during the Pennsylvanian: less
than 25% remained above freezing year-round in either scenario
(Table 2: excluding areas due to water balance, and where Tmin ≤
0 °C). Paleo-BGC predicted that 70% and 95% of unglaciated
lands were vegetated (Table 2) in the glacial and interglacial
scenarios, respectively. For freeze-intolerant vegetation, however,
only 11% of unglaciated land predicted to support vegetation was
available in the glacial scenario, and 22% was available in the in-
terglacial scenario. By comparison, the land area that remains
above freezing in a typical modern year is considerably more than in
either Pennsylvanian extreme [39% total land area excluding Ant-
arctica (40)]. Moreover, in absolute terms, the area of Pangaea
covered by forests could have doubled from glacial to interglacial
scenarios (Table 2, SI Appendix). However, limitations on forest
cover due to freezing temperatures may have been compounded by
the effect of elevated CO2 during interglacial periods (42), which
was not considered in this study (Study Caveats).

Table 2. Land area categories, percentages, and association with fossil occurrences

Scenario

Vegetation cover and type fossil occurrences
partitioned into zones of minimum
temperature (Tmin ranges excluding

subsequent colder ranges; °C)

>0 ≤0 ≤� 4 ≤� 10 ≤� 40

Glacial: 1. 02 x 108km2 unglaciated land area 70% predicted to support vegetation
Vegetated area (% of unglaciated land) 11% 16% 9% 17% 17%

Fossil taxa
Pteridophyte lineage Tracheophyte (other) 0 10 2 5 0

Fern (other) 0 82 32 74 0
Lepidodendrales 14 166 242 212 0

Marattialean tree fern 0 64 48 54 1
Sphenophyte 14 191 177 276 8

Spermatophyte lineage Progymnosperms 0 2 1 4 0
Spermatophyte incertae sedis 0 18 16 46 5

Pteridosperm 2 47 25 41 2
Medullosan 13 118 103 128 0
Peltasperm 0 0 3 4 0
Ginkgophyte 1 0 0 1 1
Cordaitales 5 30 22 47 13
Conifer 0 9 18 24 6

Interglacial: 1. 14 x 108km2 unglaciated land area 95% predicted to support vegetation
Vegetated area (% of unglaciated land) 22% 8% 2% 22% 41%

Pteridophyte lineage Tracheophyte (other) 10 7 0 0 0
Fern (other) 94 94 0 1 0

Lepidodendrales 277 356 1 0 0
Marattialean tree fern 87 77 2 1 0

Sphenophyte 330 318 10 0 8
Spermatophyte lineage Progymnosperms 3 4 0 0 0

Spermatophyte incertae sedis 21 59 0 2 3
Pteridosperm 65 49 1 0 2
Medullosan 196 154 12 0 0
Peltasperm 0 7 0 0 0
Ginkgophyte 1 1 0 1 1
Cordaitales 44 58 2 3 10
Conifer 10 41 0 0 6

Overall unglaciated land areas and percentages predicted by Paleo-BGC to support arboreal vegetation cover are shown alongside scenario descriptions.
Minimum temperatures were derived from GENESIS V3 simulations for a glacial scenario with atmospheric CO2 at 182 ppm and an interglacial with CO2 at 546
ppm. Vegetated land area was then partitioned into minimum temperature ranges. Percentage of unglaciated land area in each disjoint range of minimum
temperature is presented relative to unglaciated land area (percentages and denominator area are bolded, SI Appendix, Table S2). The number of plant fossil
records is shown for each range of minimum temperature by scenario, based on approximate fossil locations retrieved from the PBDB (http://paleobiodb.org).
Genus-level occurrence data are provided in SI Appendix, Table S2.
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Freeze-tolerance adaptations for at least Tmin > −4 °C appear
to have been present in many plant taxa by the Pennsylvanian
(Table 2 and Fig. 2). Areas that did not freeze during glacial
periods may have been crucial to the survival of some taxa. For
example, our simulations indicate that the Cathaysian Islands
would have remained above freezing. This may have contributed
to the persistence of lycopsids in Cathaysia after they dis-
appeared in tropical Euramerica (43, 44). Nonetheless, a com-
parison of PBDB fossil locations with ecosystem simulations and
climate data suggests that even some tropical communities were
likely exposed to some level of freezing at both glacial and in-
terglacial extremes and, therefore, throughout the LPIA. The
power of these methods to identify specific plants or communi-
ties that experienced freezing is restricted by the limited spatial
and temporal resolution of fossil evidence and the boundary
conditions used to produce the simulated climate data (Study
Caveats). In both glacial and interglacial extremes (Table 2 and
Fig. 2), however, most PBDB plant macrofossil groups occurred
in areas that froze. This information supports the importance of
plant freezing as an unstudied component to understanding Late
Paleozoic phytogeography.
Continental tropical vegetation would have experienced tem-

peratures cold enough to freeze insulated peripheral tissues,
particularly in high elevations in the glacial scenario [Fig. 1B,
Tmin ≤ −10 °C (36)]. During the Late Paleozoic, topography was
evolving across the low latitudes of the supercontinent in the
CPMR [Study Caveats (45)]. At times, CPMR topography may
have distinguished LPIA tropical conditions from the modern.
For example, in our simulated CPMR, topographic relief pro-
duced continuous, continent-wide zones of low temperature near
the equator (Fig. 1) that were not tropical in the bioclimatic
sense (SI Appendix) (40, 46). Modern equivalent bioclimatic
zones are limited to a few isolated regions in South America,
West Africa, and Malesia (e.g., the Andes) (40). Freezing due to
orographic cooling was likely an important limit on tropical
forests in the LPIA.
There is an apparent threshold in the fossil data that suggests

most Pennsylvanian plants were not freeze-tolerant below
Tmin ≤ −40 °C (Table 2). This temperature threshold corre-
sponds to the modern boreal climate where tree species have
leaf, stem, and physiological adaptations to extreme cold. Even
boreal trees are injured by freezing temperatures below −40 °C,
particularly when combined with desiccation from wind exposure
(41, 47). Only a few modern tree species are considered totally
tolerant of freezing and persist in regions that typically experi-
ence temperatures at or below this threshold. Notably, in the
PBDB, only sphenophytes (but see ref. 32) and spermatophyte
fossils (e.g., conifers, cordaitaleans) occurred in locations cor-
responding to locations with minimum temperatures beyond this
threshold (Fig. 2: hatched areas; Table 2: Tmin ≤ −40 °C).
Plant fossil taxa in the PBDB were not evenly distributed

among areas with simulated freezing temperatures. Overlay of
both glacial and interglacial scenarios suggests only a few select
genera were found in the coldest areas (Tmin ≤ −40 °C; SI Ap-
pendix, Fig. S2). Examining morphological traits with an eye for
freeze adaptation may provide insights into genera found at
high-latitude locations. While preservation and collection biases
and spatial autocorrelation likely influence these results, the
observed threshold may also represent a natural environmental
filter due to cold temperatures, as exists today (48). Additional
fossil sampling of Carboniferous plants outside of the paleo-
tropics, particularly in the Southern Hemisphere, would further
distinguish between these possibilities.
We posit that, along with moisture seasonality, widespread

and repeated exposure of plants to freezing temperatures during
the Pennsylvanian influenced the evolution of notable aspects of
later Paleozoic plant physiology (e.g., in glossopterids and co-
nifers). Plant adaptations to drought can enable plants to resist

damage from freezing temperatures and vice versa. Drought and
freezing adaptations are mechanistically linked in some instances
(49) because, for example, physiological stresses during drought
events and freeze-thaw cycles can subject plant vascular systems
to similar biophysical pressures. According to our Pennsylvanian
simulations, many places that could support significant arboreal
vegetation based on water balance (Paleo-BGC) would have
frozen (GENESIS V3; Table 2 and Fig. 1 and SI Appendix, Fig.
S1). We further posit that freezing during the LPIA had the
potential to select for traits that would enhance survival and
reproduction under seasonal drought and freezing during the
Late Pennsylvanian (∼311 Ma) through the early Permian (∼290
Ma). Plant drought- and freeze-resistance likely appeared during
earlier climatic extremes, such as the Mississippian [359 to 323
Ma (50)] or possibly the Late Devonian Ice Age [∼400 Ma (51)].
However, the LPIA’s repeated cycles of moisture seasonality and
freezing presented multiple simultaneous stresses. For plants
lacking either freeze or drought adaptation, it may have been a
particularly restrictive episode and a prolonged period of
heightened natural selection in plant evolution.

Freezing Thresholds and Plant Adaptations. The effect of freezing
minimum temperatures on forest cover extent is more pro-
nounced when freezing areas are considered as a proportion of
vegetated land area (compare Table 1 to SI Appendix, Table S1),
particularly in the glacial scenario, highlighting the importance
of adaptations to freezing during the LPIA. A key plant adap-
tation that likely conferred both freeze and drought tolerance is
small tracheid diameters in stems. This adaptation is found in
specific Paleozoic plant groups, such as the cordaitaleans and
coniferophytes generally, compared to other Pennsylvanian flora
(17). Many extant drought- and freeze-tolerant conifers also
have narrow tracheids (52–55). In both glacial and interglacial
scenarios, where Tmin dropped below −10 °C, leaves would have
frozen. At less than −40 °C (hatched area in Fig. 2 and Table 2),
plants would have had to survive both leaf and stem freezing.
After leaf or stem xylem freezing, small xylem lumen diame-
ters [<40 μm (55)] appear to protect plants from freeze-
thaw–induced embolism and the concomitant loss of xylem
function and productivity (56–58). Also, cordaitaleans and the
ancestors of glossopterids (59) may have evolved the capacity to
survive peripheral freezing or precipitation seasonality through
phenological dormancy (e.g., deciduousness) by the Carbonif-
erous. Phenological dormancy is thought to have appeared in
cordaitaleans and Glossopteridales by the Permian, as evidenced
by growth rings in particular (60–63). “False growth rings” de-
scribed in Carboniferous cordaitaleans (reviewed by ref. 64) may
be explained, in an otherwise favorable environment, by daily
timescale freezing events. Overnight freezes may have slowed or
stopped cambial activity and affected plants even at equatorial
latitudes (Fig. 1). Furthermore, a coniferophyte from the Late
Pennsylvanian (65) had leaf traces cut off at the first growth-ring
boundary, indicating leaf abscission after the first year and sug-
gesting deciduousness. Some sphenophytes, mainly herbaceous
taxa with narrow tracheids (66), may have been freeze adapted
similar to some extant Equisetum species (67). For example,
Arthropitys bear vallecular canals (68), which appear to be an
adaptation to manage extracellular ice formation in Equisetum
hyemale (69). Using another strategy, sphenophytes with broad
tracheids like Sphenophyllum (48) may have survived freeze or
droughts despite nonadapted above-ground organs by resprout-
ing from rhizomes where/when soil temperatures were favorable
(67, 70). All of these characteristics would be adaptive for both
water- and low-temperature stress. This adaptive synergy has
perhaps contributed to the relative morphological conservation
of sphenophyte and, especially, coniferophyte lineages today,
compared to many other lineages of late Paleozoic origin
(67, 71).
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Cordaitaleans and some sphenophytes may have survived
some of the harshest cold temperatures. Nonetheless, all plant
groups examined in this study were likely exposed to tempera-
tures down to −4 °C (Table 2, interglacial). This exposure sug-
gests that peripheral freezing damage sustained by these
Carboniferous plants did not prevent their growth and propa-
gation or that they were adapted to avoid injury at some sub-
freezing temperatures. Adaptation to maintain transient internal
supercooling of water would be required for survival in locations
where Tmin ≤ 0 °C. The cumulative area affected by freezing was
59% of unglaciated land predicted to support vegetation in the
glacial scenario and 73% in the interglacial scenario (cumulative
up to Tmin ≤ 0 °C in Table 2). Evidence of the biochemistry of
this adaptation may not be directly detectable in the fossil re-
cord. Still, anatomical features that were previously interpreted
as conferring resistance to drought stress may have played an
additional role in supporting freeze tolerance. For example,
sunken stomata found within some Carboniferous plants (e.g.,
Macroneuropteris scheuchzeri) may have served to limit water loss
under low temperatures (36, 72). At colder temperatures
(Tmin ≤ −4 °C), some plant tissues would have frozen, generally
requiring morphological adaptations to survive (41).
The cumulative area of unglaciated land with predicted veg-

etation and minimum temperatures ≤ −4 °C, where uninsulated
peripheral tissue would freeze, was 43% in the glacial and 65%
in the interglacial scenarios (Table 2: cumulative up to Tmin ≤
−4 °C). This included regions in the tropics. Leathery leaves of
gymnosperms (51) and reinforced internal leaf tissue (hypoder-
mal sclerenchyma) in several Carboniferous cordaitalean leaf
taxa may have functioned as peripheral insulation (73). However,
insulating structures in modern plants cannot prevent live tissue
in leaves from freezing at temperatures < −10 °C beyond daily
timescales (36). Excepting desiccation-tolerant vegetation that
may be protected from freezing when water content is low
(74, 75), temperatures below −4 °C overcome freezing-point
depression afforded by intercellular solutes. Prolonged temper-
atures below this threshold require adaptations that allow re-
covery from freezing, such as deciduousness and narrow tracheids.
Freezing adaptations, furthermore, are varied and involve synergies
of whole plant physiology. For example, dead retained foliage in-
sulates the stem against freezing in tropical alpine taxa (76), and
high pubescence on leaves can raise leaf temperatures up to 10 °C
above ambient air (77). Furthermore, more detailed anatomical
evaluations of freeze adaptation in Carboniferous taxa will improve
phytogeographic reconstructions for the period.

Hypothesized Impact of Plant Freezing on Landscape Hydrology. As
the evolution of freeze-tolerance in Paleozoic vascular plants is
not well established, we impose a global −4 °C plant freezing
threshold and present a case study of the potential effects on
hydrology. Our unmodified Paleo-BGC simulations provide a
maximum extent of global forest cover that may be refined by
considering additional limiting factors. Freezing temperatures in
the Pennsylvanian would have reduced regional support of ar-
boreal vegetation. The actual contraction of forest cover would
have depended on the coincidence of existing plant freeze ad-
aptations and minimum temperatures. We present a simplified
case to explore some potential effects of freeze stress on the
Earth system. Overlaying the location of PBDB plant fossils on
GENESIS V3 predicted interglacial minimum temperatures
supports the possibility that many Paleozoic taxa were intolerant
of temperatures ≤ −4 °C (Table 2 and SI Appendix, Fig. S1). As a
bounding case, therefore, we assume that most plants were not
adapted to temperatures below −4 °C. Under this assumption, a
single night of temperatures below −4 °C would have killed most
vascular plants. We believe the resulting contraction of our
projected forest cover estimate represents a useful and convenient
estimate of the minimum extent of forest cover. Below the ≤ −4 °C

threshold, many plants cannot avoid cell freezing and plasma
membrane rupture and, therefore, require morphological adapta-
tions against freezing (36). This provides an avenue for future
paleontological evaluation. Furthermore, during the Last Glacial
Maximum, contraction of forest cover is thought to have been
tracked by the expansion of grass- or sclerophyll shrub-dominated
biomes (10). These taxa, which are important controls on surface
erosion today, may not have functional equivalents in the Carbon-
iferous. Affected regions may have remained minimally vegetated,
altering hydrologic processes.
During the LPIA, large areas were affected by freezing tem-

perature minima of −4 °C and colder according to GENESIS V3
simulations of both peak glacial and interglacial periods (Fig. 1
and Table 2). This would have resulted in the total mortality of
freeze-intolerant arboreal vegetation and loss of forest cover,
resulting in rapid and dramatic environmental changes (Materials
and Methods). In reality, regions with diverse vegetation likely
experienced widespread but patchy deforestation. Nonetheless,
in the coldest years, in regions dominated by freeze-intolerant
vegetation, near-synchronous die-off in forests would have
resulted in loss of forest cover and evapotranspiration. Subse-
quent soil destabilization would have compounded increases in
soil incident precipitation and soil moisture to promote erosion,
transport of terrigenous material, fresh mineral exposure, and
chemical weathering. In warmer months and years (i.e., under
average conditions), productivity and plant recolonization would
have reversed these soil effects but then been interrupted again
by freezes, depending on successional patterns. The conditions
producing these extreme minimum temperature events and the
resulting alternating vegetative states would have persisted, on a
subeccentricity timescale, for tens of thousands of years (15).
Full forest recovery in freeze-affected regions would not occur
until minimum temperatures persistently rose above threshold
values that allowed freeze-intolerant forms to recolonize. Al-
ternatively, freeze-tolerant or frost-avoidant forms evolved, col-
onized, and dominated freeze-affected regions. Persistent forest
vegetation cover reduction by freezing temperatures would have
affected surface hydrology. Changes in transpiration, canopy
interception, and canopy evaporation affect soil water balance
and runoff. These processes are represented in Paleo-BGC,
allowing us to estimate the effect of vegetation loss on runoff.
An upper bound for freeze-induced change in runoff (ΔR) was

estimated using Paleo-BGC (Materials and Methods). We im-
posed total freeze-induced vegetation loss where Tmin ≤ −4 °C,
which caused a net global increase in surface runoff of 5.7% for
the glacial scenario and 6.1% for the interglacial scenario. In
absolute terms, global net increases in runoff for the glacial and
interglacial scenarios were equivalent to 30% and 47% of the
Amazon River’s current average annual discharge (78) compared to
Paleo-BGC: 2.0 × 106m3y−1 and 3.1 × 106m3y−1 (Fig. 3).
Changes in runoff, however, were regionally heterogeneous.

Where runoff increased due to plant freezing (Fig. 3), freshwater
inputs to coastal marine environments would have decreased
salinity of surface waters and decreased near-shore carbonate
δ18O beyond abiotic factors alone (79–81). Predicted increases in
mineral, sediment, organic matter, and nutrient exports with
large pulses of freshwater to riverine, riparian, and coastal ma-
rine environments may be detectable in the geologic record. For
example, they may appear as local or regional stratigraphic or
isotopic anomalies, such as excursions in δ34S and marine car-
bonate δ13C (79, 80). However, the composition of this runoff
would have depended on the properties of the catchments
through which it flowed and how those catchments were affected
by vegetation freezing (30, 82).
Freeze-induced change in runoff (ΔR) varied considerably

across supercontinent Pangaea and between glacial and interglacial
scenarios (Fig. 3). This case study demonstrates the potential for
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interactions of climate and vegetation productivity to cause con-
siderable location-specific differences in surface water discharge rates
(Fig. 3). The highest ΔR of the glacial scenario in our case study
occurred in the CPMR (Study Caveats). Simulated orographic
precipitation and cooler temperatures in the CPMR produced
vegetation and high transpiration under average conditions. That
vegetation was eliminated by freezing under extreme conditions.

This phenomenon was absent in the interglacial scenario, wherein
the CPMR remained above −4 °C. Similarly, high ΔR spanned the
southern midlatitudes of Gondwanaland in the interglacial scenario
(Fig. 3C andD), whereas in the glacial scenario,ΔR was considerably
muted by the lack of precipitation in the eastern part of that region.
High- and middle-latitude locations under glacial climate

showed no predicted difference in runoff, which was likely due to

2 = 182 ppm, O2 = 28%

2 = 546 ppm, O2 = 28%

cm m-2 y-1
35

0

-20

Land Ice

0 1 2 3

0 1 2 3

R: 105 kg
Water per day

R: 105 kg
Water per day

A B

C D

Fig. 3. Change in runoff due to one possible freeze intolerance threshold (Tmin) of plants in two climate scenarios of the Pennsylvanian. A general circulation
model (GENESIS V3) was used to estimate daily minimum temperature globally, at 2-degree (longitude, latitude). Maps are in the Molleweide projection. Data
from GENESIS V3 was used as input to an ecosystem process model (Paleo-BGC) that was run with and without plants. For each scenario, the difference in
runoff between simulations without plants and with plants (ΔR = Rnoplants − Rplants)where the minimum temperature dropped below −4 °C. Where minimum
temperature remained above −4 °C, ΔR was set to zero. Presented is ΔR at 2-degree longitude/latitude resolution (A and C) and summarized by latitude (B and
D). Regionally varying changes in runoff due to freeze-mortality of plants may have impacted the Carboniferous geologic and paleobotanical records dif-
ferently between peak glacial periods and interglacial periods.
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the locations being too dry to support simulated arboreal plants
or produce runoff in Paleo-BGC. A few locations in the low
latitudes and the northern Pangaean peninsula (Angaraland)
between the midcontinent and coast showed considerably de-
creased runoff. In these locations, modeled transpiration was less
than soil evaporation if vegetation was excluded.
In our modeled CPMR, orographic effects in regions of high

relief interacted with our assumed vegetation freeze-threshold to
produce high ΔR (Fig. 3). These model results may be biased by
our simplified representation of topography in the CPMR (83),
which evolved throughout the LPIA (45) (Materials and Methods,
Study Caveats). However, the scale of ΔR in our case study sup-
ports recent modeling in suggesting that CPMR topography
could have been a key factor in LPIA hydrology and geochem-
istry (81). Furthermore, these results suggest these factors
interacted with, and were modulated by, phytogeography. The
strongest geologic evidence for, or against, an actual vegetation
freeze-threshold may have been produced in these regions. To-
pographic uplift could have increased mineral weathering effi-
ciency (30, 45) and also increased runoff due to freeze-induced
forest die-off. This interaction may have increased dissolved
matter discharge (82). The effect of weathering on climate would
have depended on underlying lithologies and transport to marine
locales (32, 84).
In contrast to the CPMR, many midlatitude areas lacked

plant-available water, and thus vegetation, during the glacial
scenario. These regions had little to no ΔR. This produced an
east-west asymmetry in the glacial scenario that was absent in the
interglacial scenario. Thus, freeze-induced freshwater yield (ΔR)
may have fluctuated with glacial glacial–interglacial cycles during
interglacial cycles. Unknown forest vegetation responses to cli-
mate complicate interpretation of paleo-record signals, including
geologic indicators and isotopic differences. Our case study
supports vegetation freeze-mortality as one such complicating
factor.
Finally, plant freeze intolerance could have enhanced peat

formation, impacting carbon sequestration and atmospheric
pCO2, particularly during glacial times (11). Under average
glacial conditions, high insolation and moisture resulted in high
forest productivity in the tropics (Fig. 2, SI Appendix). Sporadic
extreme cold events would result in cyclic, regional-scale die-off
and regrowth of freeze-intolerant arboreal lowland plants. The
result would be increased in situ organic matter deposition, re-
duced transpiration, and increased soil moisture across broad
depositional areas (Figs. 1 and 3). Cold temperatures would also
have reduced heterotrophic respiration and decomposition. To-
gether, these factors support (85) the formation of peat swamps
during the LPIA glacial periods. This pattern would have been
reduced or absent in the interglacial tropics given warmer low-
lands (Fig. 1B). This study suggests multiple roles of cold tem-
peratures in organic matter accumulation during glacial periods
of the LPIA: as a depositional trigger and a mechanism of dead
organic matter production.

Conclusions
Freezing is a critical threshold that is lethal to some plants with
less than 24-h exposure. Consideration of freezing stress on
plants is only possible because of the ability of GCMs to estimate
daily temperature extremes in deep time. This consideration
augments previous paleoecosystem reconstructions based on
paleobotanical, sedimentological, and geochemical data (72).
With freeze impacts included, the climatic perturbations of the
terminal phase of the LPIA may have been a crucible for plant
evolution. Therein, important anatomical and physiological
adaptions began their rise to prominence in terrestrial ecosys-
tems, shaping the subsequent evolutionary history of plant life.
During our proposed cycles of freezing and vegetation recovery,
sporadic forest cover loss would have increased soil erosion,

exposure of fresh minerals, and enhance chemical weathering.
Such freezing events occurred in the context of years or decades
of vegetation regrowth under average conditions when all these
effects on soil would be reversed. These processes may be de-
tectable, for example, in the marine record of freshwater and
sediment influx.
We have taken preliminary steps to highlight the importance

of plant freeze-tolerance traits and characterize the effects of
freezing on related Earth system processes, specifically phyto-
geography and hydrology. Field-based paleontological data will
help clarify the phytogeography and morphological characters
related to drought and potential freeze-tolerance presented
here. In addition, improved paleotopographic information for
the Carboniferous, as well as other time periods, is needed to
better constrain the climatic and hydrographic environment in
which ancient plants lived and evolved. Ancient plant function is
better understood through the lens of biophysical principles, and
Earth system models of deep time (86) should represent simu-
lated vegetation with as much historical authenticity as possible
through the use of process-appropriate timescales.

Materials and Methods
See SI Appendix, Fig. S1, for a graphical presentation of the methods. Forest
cover in the Pennsylvanian was simulated for a global grid consisting of 2° ×
2° cells using the ecosystem process model Paleo-BGC (24), a modified ver-
sion of the ecosystem model BIOME-BGC (87, 88), driven by daily data de-
rived from GENESIS V3 (26, 27). The Paleo-BGC model (24) includes variable
atmospheric pO2, mesophyll conductance important for plants with thick-
ened leaves, and leaf hydraulic conductivity to account for simple and
complex vascular pathways. Measurements of leaf carbon to nitrogen ratio
(C:N; kg kg−1) were derived from preserved cuticular material. Maximum
stomatal conductance (gsmax; molm−2s−1) was determined from stomatal
density and size of leaf fossil impressions. Fossil measurements were col-
lected for Pennsylvanian representative plant-fossil taxa (described in refs. 2
and 23) including lycopsids, sphenophytes, pteridosperms, stem-group
marattialean tree ferns (tree ferns), and early-diverging coniferophytes
[cordaitaleans (23, 32)]. SLA (m2 kgC−1) and related leaf attributes, impor-
tant for converting carbon allocated to leaves to leaf area, were estimated
using measured leaf C:N to SLA relationships from extant relatives (89, 90).
Boundary layer conductance (gb; μmol s−1Pa−1m−2) was estimated from the mean
leaf or leaflet width (91). For leafmesophyll conductance (gm; μmol s−1Pa−1m−2), a
single mean value of 0.273 mol H2Om−2s−1 was used as a basis for measurements
of leaf air space, leaf thickness, mean mesophyll cell width, and cell-wall thickness
of leaf fossil cross-sections of Pennsylvanian taxa (24). Finally, leaf hydraulic con-
ductivity values (Kleaf; mmolm−2s−1MPa−1) were calculated from an empirical
relationship (92) usingminimum andmaximum leaf mesophyll pathlength derived
from leaf fossil cross sections (92).

Data were generated by GENESIS V3 as described in refs. 15, 93, and 94.
Minimum temperatures were averaged over terrestrial locations that were
not covered by glacial ice. Inputs taken for Paleo-BGC included daily maximum,
minimum, and average temperature (Tmin, Tmax, and Tave), precipitation, and
shortwave radiation for 10 y. Vapor pressure deficit, a required input for
Paleo-BGC, was calculated using Tmin and Tave in the modified Tetens
equation (95) for each grid cell. Finally, daily daylength was derived for each
grid cell based on latitude and year day (91). Two climate scenarios were
evaluated, intended to provide a characterization of the glacial and inter-
glacial intervals. One climate scenario with glacial ice and CO2 of 182 ppm is
referred to as the glacial, and one with reduced glacial ice and CO2 of 546
ppm is referred to as the interglacial. For both scenarios, atmospheric oxy-
gen was set to 28%, which is considered a maximum pO2 for this period
based on recent modeling (96).

Landmasses and glacial extents were specified after the description of
Ziegler, Hulver, and Rowley [(97), for ∼290 Ma, earliest Artinskian]. Vege-
tated land area was mapped following a two-part categorization process for
each unglaciated terrestrial grid cell. First, LAI predicted by Paleo-BGC at
each grid point was averaged across all plant groups and categorized as
“vegetated” or “bare” based on a threshold LAI value of 0.1 [minimum LAI
measured by (98)] excepting the grassland biome (SI Appendix). Second,
daily minimum temperature thresholds were set at levels relevant to mod-
ern plant freeze adaptations where freezing injury is likely in peripheral
tissues of plants incapable of maintaining transient internal supercooled
water [Tmin ≤ 0 °C; (36, 41)], where peripheral freeze injury would occur in
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plants without insulating tissue or adaptations to maintain persistent
supercooling (Tmin ≤ −4 °C), where freeze injury is likely in peripheral tissues
and stems of plants without insulating tissue (Tmin ≤ −10 °C), and at which
homogeneous nucleation is unavoidable and xylem adaptations to avoid
freeze/thaw embolism are required for survival (Tmin ≤ −40 °C).

Where vegetation predicted by Paleo-BGC coincided with these temper-
ature thresholds, we considered plants to have experienced some form of
freeze damage. The area covered by freezing-affected locations was then
calculated by summing the area of 2° × 2° grid cells in that Tmin category.
Grid cell areas (A) were approximated as equilateral trapezoids centered on
the geographic coordinates (longitude, latitude) of the grid cell:

A ≅ 2222 · cos(lat+1)+cos(lat−1)2 . This accounts for varying longitude lengths across
Earth’s spherical surface. The length of one degree of longitude at a given
latitude is approximated as the cosine of degrees latitude times the length
of a degree of longitude at the equator (∼111 km). The side-lengths were
then calculated at latitudes one degree north and south from the center
latitude of the grid cell, respectively, and multiplied by the approximate
length of a two-degree latitude (∼ 2 · 111km).

We compared our simulated vegetation cover with plant fossil occurrence
for the Pennsylvanian from the PBDB (downloaded from http://paleobiodb.
org 28 May 2019; Fig. 1 and SI Appendix) by using several search terms as-
sociated with well-known Carboniferous tracheophyte taxa and selecting
the time interval “Pennsylvanian.” A total of 3,568 plant fossil occurrences
were found and sorted into broad groups (taxa and associations in SI Ap-
pendix, Table S2).

Finally, we assessed a case study of the maximum potential impact of
freeze-limited plant biogeography on steady-state surface runoff. Site water
balance in Paleo-BGC is estimated using a simple bucket model that does not
consider infiltration, percolation, or lateral flow. Rather, surface runoff (R) is
estimated from the remainder of water left in the soil after evapotranspi-
ration that is in excess of maximum volumetric water content. The lack of
inclusion of lateral flow is somewhat mitigated by the large spatial scale.
Each grid cell is roughly the size of a large watershed; much of the lateral
flow and surface flow would be consolidated into the same river outflow
from that grid cell.

We calculated the percent change in runoff as follows. The change in
runoff was calculated as the difference between annual runoff in Paleo-BGC
simulations without plants and with plants (ΔR = Rno plants − Rplants). This
was calculated for grid cells where Tmin ≤ − 4°C and set to zero for warmer
grid cells. Removal of forest vegetation assumed freeze intolerance and
exclusion from locations where Tmin ≤ − 4°C. Percent change in runoff (%ΔR)
was calculated as the cumulative change in runoff, weighted by the ap-
proximate area for each grid cell, divided by the cumulative, area-weighted
runoff from the unmodified Paleo-BGC simulations (Rplants). The resulting
%ΔR expresses the potential impact of freeze-mortality on hydrology due to
the difference between forested and barren states. This calculation is only a
measure of the difference between end-states and does not consider the
intermediate processes associated with the transition from vegetated to
barren. Once plant mortality has occurred, the timescale of this transition
may vary from years to decades or longer as plant communities come and go
in response to freezing temperature. The resultant impact would also be
locally dependent on a complex set of feedbacks involving biotic and abiotic
factors (99) including precipitation intensity, gradient, soil formation rate,
nutrient availability, community composition, and rhizosphere properties.

Generally, locations with little vegetation and/or precipitation show a
lower change in runoff due to the removal of plants. Conditions resulting in
positive ΔR (i.e., increased runoff) were favorable for simulated vegetation
growth, such as areas with high precipitation. Under these conditions, high
transpiration rates reduced soil moisture and runoff, despite high precipi-
tation. Removing plants, therefore, increased runoff. Conditions producing
negative ΔR (i.e., decreased runoff) were marginal due to low temperature
but allowed sufficient transpiration to produce vegetation growth. Re-
moving plants allowed higher soil incident radiation and more soil evapo-
ration than would have been lost due to transpiration, leading to
lower runoff.

Latitudinal trends in ΔR were assessed by summing values across all grid
cells at each latitude. These quantitative differences represent the runoff in
two stable landscapes under the same conditions except for the presence or
absence of vegetation. The instantaneous change due to the novel denu-
dation of a landscape is not captured by ΔR. Furthermore, this calculation
does not consider the sequence of regional transitions between vegetated
and nonvegetated states that would likely occur during the onset or reces-
sion of the glacial climate. In general, if minimum temperatures advanced in
latitude toward the equator along with the cooling climate, landscape
transitions would cycle on a subeccentricity timescale (∼104 to 105 years). For

example, freezing minimum temperatures occurred at around 25° in the
interglacial scenario (Fig. 1) and advanced to about 15° by the glacial sce-
nario. A region spanning 1° of latitude would then transition over the course
of 103 to 104 years. The timescale of climate change is, however, the result of
a complex dynamic system; land area in the LPIA would have been subject to
differential heating and cooling patterns due to other interacting phe-
nomena like ocean circulation and continental effects.

Study Caveats. The minimum temperatures and precipitation described
herein are subject to uncertainties associated with the GENESIS V3 GCM itself
and the boundary conditions (paleogeography, paleotopography, and CO2)
used for these simulations. For example, uncertainties in atmospheric CO2

may affect simulated minimum temperatures, glacial ice cover, ocean level,
and vegetation cover (100). Furthermore, the GENESIS V3 GCM may be less
sensitive to atmospheric CO2 than other models [e.g., Community Earth
System Model (101, 102)].

Continental arrangement and paleotopography used in our GCM simu-
lations represent a single point in time, 290 Ma, described in refs. 15, 93, and
94. Furthermore, the paleotopography we utilized does not capture the
evolution of the CPMR, which is thought to have been largely eroded in
some regions by the Late Pennsylvanian (45). Rather, it serves as a bounding
case with maximum uplift. Considering the importance of the tropics to the
biosphere, additional studies should be performed to determine the sensi-
tivity of vegetation to tropical topographic heterogeneity at the time.
Shorelines, land ice, and CO2 are intended to represent extreme conditions
associated with maximum and minimum glaciation.

The models used to infer LAI here, GENESIS V3 and Paleo-BGC, are not
coupled. As a result, locations are hydrologically disconnected, and water
available to vegetation may be systematically altered as a result. The spatial
scale of this study is roughly similar to that of a watershed. This may limit the
error resulting from our use of uncoupled models, as water may have been
unavailable to vegetation due to percolation and stream outflow. An ad-
ditional caveat to our use of uncoupled models is that vegetation differ-
ences do not affect surface dynamics of moisture, radiation, or mass transfer.
Efforts are currently underway to integrate era-appropriate vegetation into
Earth system models.

The Paleo-BGC model estimated higher LAI in tropical montane regions
than some modern measurements for the same biome (Table 1). Notably,
our LAI estimates are not intended to represent any particular plant or
community. As the mean of LAI from several plant groups, our estimates are
intended to represent “generic Carboniferous forest vegetation.” Actual
plant and community LAI are influenced by many factors, including canopy
structure, which is not considered here. We posit that high Paleo-BGC values
are the result of the fossil-based physiological parameterization of Paleo-
BGC as well as the paleotopographic parameterization of GENESIS V3 (83).
Here, we use taxa-specific scaling relationships with C:N to estimate SLA (24).
Paleo-BGC scales LAI from leaf C and SLA. This produced high LAI in taxa
with low C:Nleaf, including Marattialean tree ferns, which had the highest
LAI. Fossil C:N ratios may also be altered during preservation (see physio-
logical characterization in ref. 24). Estimation of leaf economic traits in fossil
taxa remains a considerable challenge. Future experiments with Paleo-BGC
that compare estimates of LAI based on additional methods for estimating
SLA [e.g., using relationships with petiole width, adaxial epidermal density,
and cuticle thickness (37, 38)] may improve estimates of LAI and vegetation
cover. Additionally, paleotopography is not well constrained in the Penn-
sylvanian and may result in overestimation of equatorial orographic pre-
cipitation and, therefore, LAI. Finally, interglacial estimates of LAI may be
further inflated, as the exacerbation of leaf freezing associated with ele-
vated CO2 has not been accounted for here (42, 103).

Our analysis of freeze tolerance does not consider interactions of plant
organs such as marcescent leaves’ insulation of stems in some extant taxa
(104). As a more detailed understanding of ancient whole plant physiology
emerges, evaluation of the totality of plant freeze tolerance will further
improve the estimation of ancient vegetation cover and plant distributions.
Comparisons to modern distributions will also become clearer.

The synthesis of modeling data and fossil occurrence data should be
interpreted with care due to limitations on the temporal resolution of direct
geological and paleobotanical evidence in deep time. As stated, ourmodeling
is not intended to capture a specific point in time but rather is based on
generalized geological evidence from glacial-interglacial cycles of atmo-
spheric composition and paleogeography. In addition, fossil occurrences
from the PBDB (http://pbdb.org) may represent long time intervals and large
areas of spatial origin (i.e., allochthonous), which can distort the apparent
picture of plant distribution. Because the PBDB relies on contributions frommany
sources, misidentifications of fossils temporally, spatially, or taxonomically are
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also possible. Therefore, the coincidence of minimum temperatures with any
particular plant fossil occurrence should be taken only as a hypothesis rather
than proof that a fossil taxon may have experienced that environmental stress.

Data Availability. Data generated by GENESIS V3 used to produce Paleo-BGC
inputs and the Paleo-BGC output files are available on Dryad. The scripts
required to adapt GENESIS V3 data and perform parameterized Paleo-BGC
runs in parallel using a cluster computer are provided at GitHub, https://
github.com/wjmatthaeus/bgc_utils (105). The Paleo-BGC model description is
provided by ref. 24. Paleo-BGC model code can be found along with current
parameter files at GitHub, https://github.com/josephdwhite/paleo-bgc (106).
Model code and simulation output data have been deposited in Zenodo,

https://doi.org/10.5281/zenodo.4686065 (107), and Dryad, https://doi.org/
10.5061/dryad.qnk98sfgj (108).
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