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Abstract

:

The partially correlative Alaskan dinosaur-bearing Prince Creek Formation (PCF), North Slope, lower Cantwell Formation (LCF), Denali National Park, and Chignik Formation (CF), Aniakchak National Monument, form an N–S transect that, together, provides an unparalleled opportunity to examine an ancient high-latitude terrestrial ecosystem. The PCF, 75–85° N paleolatitude, had a Mean Annual Temperature (MAT) of ~5–7 °C and a Mean Annual Precipitation (MAP) of ~1250 mm/year. The LCF, ~71° N paleolatitude, had a MAT of ~7.4 °C and MAP of ~661 mm/year. The CF, ~57° N paleolatitude, had a MAT of ~13 °C and MAP of ~1090 mm/year. The relative abundances of the large-bodied herbivorous dinosaurs, hadrosaurids and ceratopsids, vary along this transect, suggesting that these climatic differences (temperature and precipitation) played a role in the ecology of these large-bodied herbivores of the ancient north. MAP played a more direct role in their distribution than MAT, and the seasonal temperature range may have played a secondary role.
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1. Introduction


It is now clear that the impacts of a changing climate are of major societal concern. Scientific investigation into a changing global climate centers on issues related to mitigation or modeling how a future warmer world would look. Further, it is also broadly recognized that impacts of change of a warming Earth are most profoundly expressed in the polar regions. In the Arctic, there are many clear examples of the rapid rate of climate change and its dire ecological and societal consequences [1,2]. Admittedly, climate change encompasses many components, but by investigating a window in the deep history of the ancient Arctic, this study identifies the key role that precipitation and temperature play in structuring vertebrate herbivore populations.



The terrestrial rocks of the Late Cretaceous Arctic are producing a rich record of biota that existed during quite different global climatic conditions than those observed today [3,4,5,6,7,8,9,10,11,12,13]. Paleofloras correlate several Cretaceous time slices between Northeastern Asia and Northwestern North America, and, together, the deposits of Northeastern Russia and Northern Alaska have been termed the North Pacific Region [8]. While this record is important within the context of ancient global climate, studies of modern climate change differentiate between global and regional scales, with the latter having only loose formal boundaries ranging from sub-continental areas to local ecological scales [14]. Furthermore, there is now an appreciation in modern biology among conservation biologists that local environmental conditions play a significant role in structuring at least some herbivorous populations in the high latitudes [15]. The Late Campanian–Early Maastrichtian terrestrial rocks of Alaska offer an ideal opportunity to examine the relationship between local environments and extinct herbivore populations in deep time.



The Cretaceous of Alaska has a remarkable record of a vast ancient Arctic terrestrial ecosystem that includes an abundance of dinosaurs. During the latest Cretaceous (Campanian–Maastrichtian), large-bodied (>1000 kg in body mass) herbivorous dinosaurs were dominated by hadrosaurids (duck-billed dinosaurs) and ceratopsids (horned dinosaurs) in the Arctic region of North America [4,5,10,16]. At present, large-bodied herbivores (e.g., elephants) are keystone species for their respective ecosystems, contributing to local biodiversity and ecosystem structure. Furthermore, feedback loops exist between climate, plants, and herbivores [10]. Given these relationships in modern ecosystems, it is interesting to examine them in ancient ecosystems.



In the 1980s, paleobotanical evidence showed that paleotemperatures in the ancient Arctic, while variable, were warmer than the modern Arctic, although they still experienced strong seasonality, due to variation in the annual light regime [17]. Histologic studies of dinosaur bones show that herbivorous dinosaurs had variable growth rates through the year, and these variations were likely tied to seasonal availability of food [18]. Since the seminal study by Parrish and Spicer [17], as well as other paleoclimate studies based on leaf physiognomy [8,11,12], a wealth of new multidisciplinary data have provided an opportunity to further refine our understanding of the regional relationship between biota and climate in the ancient Arctic.



The North Slope of Alaska, Prince Creek Formation (PCF), contains remarkable concentrations of dinosaur bones. Partially correlative rocks of the Lower Cantwell Formation (LCF) in South–Central Alaska in Denali National Park (DENA), and of the Chignik Formation (CF) of southern Alaska in Aniakchak National Monument (ANIA), have abundant records of fossil footprints (Figure 1). These three study areas span the Late Campanian–Early Maastrichtian boundary (Figure 2), and, together, these localities which spanned approximately 20° of paleolatitude, are of comparable paleoelevation (at or near sea level) and indicate the existence of a widespread terrestrial ecosystem that is capable of supporting large-bodied herbivores. The rocks were deposited at latitudes close to, or higher than, current latitudes [19] (Figure 1), making this the paleontologically richest known Cretaceous high-latitude terrestrial ecosystem in the world. Across this large geographic area, the distribution of large-bodied hadrosaurids and ceratopsids was not uniform. Here we suggest that the paleoclimate was the primary determinant of patterns observed within herbivorous Arctic dinosaur populations.




2. Late Cretaceous Paleolatitude and Geochronology Setting


Stereographic projections of tectonic terranes place the three study areas in this report at or near their current latitudes during deposition of these sedimentary sequences [19]. Specifically, tectonic reconstructions for this part of Alaska all result in a Late Cretaceous paleolatitude (57–85° N) above the Arctic Circle [19], while paleomagnetic reconstruction places the Cantwell Basin at 71° ± 10° N paleolatitude [20]. Paleomagnetic reconstructions based on Upper Cretaceous and Lower Tertiary volcanic rocks of this sequence of rocks suggest that sediments of the CF were deposited close to their present latitude of ~57° N [20].



The Prince Creek Formation (PCF) spans the Late Campanian to Paleogene [21], though most of the dinosaur-bearing section is Late Campanian to Early Maastrichtian [5,22,23,24]. Ridgway et al. [25] assigned a Late Campanian–Early Maastrichtian age to the lower Cantwell Formation (LCF: DENA) based on fossil pollen. Recent zircon U-Pb dates from bentonites within the LCF give ages of 71.5 ± 0.9 to 69.5 ± 0.7 Ma [26,27]. Marine invertebrates present in the Chignik Formation (CF: ANIA) suggest a Late Campanian to Early Maastrichtian age [28].



Admittedly, the three formations discussed in this paper (Figure 2) are not directly correlative, in the sense that one cannot typically trace a direct timeline (a single surface) from one unit to another, due to a paucity of radiometric dates. However, given the available biostratigraphic age constraints on the formations themselves, as well as our own limited geochronological data from the areas discussed here, logically all three formations must be partially correlative to some extent (Figure 2). Given the fact that all three formations are at least partially correlative, we feel that we can justify comparing time-averaged paleoclimate and paleontological data from all three study areas to construct a regional picture of the Late Cretaceous Arctic from Alaska.




3. Methods for Determination of Paleoprecipitation and Paleotemperature Estimates


There are multiple paleoprecipitation proxies that can be applied to the Cretaceous Alaskan record. Most notably, leaf physiognomy has provided invaluable estimates for the well-preserved leaf horizons of Alaska and Russia [8,11,12,13]. Here, however, we provide additional geochemical paleoprecipitation estimates by using geochemical proxies (specifically the relationship between Δleaf and MAP and chemical index of alteration and MAP; see Table 1). While these proxies may not provide the detailed mean annual and seasonal records (growing season precipitation, three wettest month values, three driest month values, etc.) that leaf physiognomy proxies may provide, they rely less on well-preserved whole- or almost-whole-leaf preservation, and so they can be sampled from more outcrops. It is also now fully appreciated that there are confounding factors in an uncritical application of leaf physiognomy [29,30,31,32,33,34,35,36,37], so we complement those data with additional geochemical analyses to attain a multi-proxy approach in our analysis.



For novel data presented in this study, (MAP) was calculated by using the relationship between Δleaf and MAP from Diefendorf et al. [38]:


   Δ  l e a f   = 5.54    (  ± 0.22  )  ∗   log   10    (  MAP  )  + 4.07    (  ± 0.70  )   



(1)






   Δ  l e a f   =    δ  13    C  a t m   −  δ  13    C  l e a f     1 +  δ  13    C  l e a f   / 1000    



(2)







New data for MAP come from the Chignik Formation. One wood sample was collected in 2016, and eight samples collected from additional horizons in 2018 were analyzed for their stable carbon isotope composition. The sample collected in 2016 was analyzed at the stable isotope lab at the University of Texas at San Antonio. The samples were decarbonated with 3M HCl to ensure no carbonate material was present. Samples were then dried and weighed into tin capsules and combusted on a Costech 4010 Elemental Analyzer, and the resulting CO2 was analyzed on a Thermofinnigan Delta + XP isotope ratio mass spectrometer (IRMS). Analyses were corrected to VPDB by using internal and international standards (USGS 24, ANU Sucrose (IAEA-C6), and IAEA 600). Reproducibility is monitored via the repeated analyses of Peach Leaves (NIST 1547) and Dogfish muscle (DORM) and is reported as ±0.2‰.



Samples from 2018 were decarbonated and analyzed at the Keck Paleoenvironmental and Environmental Stable Isotope Lab at the University of Kansas. These samples were combusted on a Costech 4010 Elemental Analyzer, and the resulting CO2 was analyzed on a Thermofinnigan MAT 253 IRMS. Samples were corrected to VPDB scale, using internal and international standards (Atropine, ANU Sucrose (IAEA-C6), and DORM). Reproducibility was monitored by repeated analyses of Dogfish muscle (DORM) and Costech Atropine and is reported as ±0.1‰. DORM was analyzed at both locations, and the values are within uncertainty (−17.23‰ for UTSA and −17.26 for KPESIL). The average values of all Chignik Formation samples were −25.8‰ vs. VPDB (1σ = 0.8‰). The maximum value was −24.0‰, and the minimum value was −26.7‰. Interestingly, the sample collected in 2016 and analyzed at UTSA is, on average, 2‰ more enriched than samples collected in 2018 and analyzed at KPESIL. This does not seem to be an analytical artifact, given the similarity in values of DORM during analyses. It could be the result of sampling a different horizon and may show the variability of MAP in the Chignik Formation.



Samples collected consisted of wood fragments. As a result, an offset of −1‰ was applied [39]. The carbon isotope value of atmosphere used for the CF was −6.6‰ to be consistent with PCF and LCF estimates by Salazar-Jaramillo et al. [27]. See Supplementary Table S1 for details on CF carbon isotope data, Δleaf values, and MAP estimates.



The values for the PCF and LCF are derived from the literature [27,40,41]. For the PCF, Salazar Jaramillo et al. [41] calculated the maximum MAP by using the relationship between Δleaf and MAP. To determine Δleaf, Salazar-Jaramillo et al. used δ13Catm values of 6.6‰ for the Late Cretaceous (~80 Ma) and −6.3‰ for the MME (Middle Maastrichtian Event) (~70–69 Ma). Isotopic analyses were conducted at the Alaska Stable Isotope Facility (ASIF), University of Alaska Fairbanks. Paleoprecipitation values were subsequently calculated by using the equation of Diefendorf et al. [38]. Salazar-Jaramillo et al. [27] located the MME in the lower Cantwell Formation (LCF), using chemostratigraphy, and calculated MAP for pre-MME, MME, and post-MME based on δ13C of organic matter and wood sampled at below and above the MME interval, using the methods outlined for the PCF. The means of these three intervals were averaged to obtain the values presented in Table 1.
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Table 1. Comparative paleoclimate mean annual precipitation (mm/year) for the correlative PCF, LCF, and CF. Values derived from stable isotopes, with additional results provided by Salazar-Jaramillo et al. [41] as CIA-K from paleosols (K2O− free Chemical Index of Alteration, and using the empirical relationship between weathering index and precipitation reported by Sheldon and Tabor [42]). Growing season precipitation (GSP), precipitation of the 3 warmest months (3WM), and precipitation of the 3 driest months (3DM) are based on CLAMP data, using leaf physiognomy [40].
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	MAP
	GSP
	3WM
	3DM





	Prince Creek Formation (PCF)
	
	
	
	



	δ13C
	1250 [41]
	
	
	



	Bulk geochemistry
	1318 ± 181 [41]
	-
	-
	-



	Lower Cantwell Formation (LCF)
	-
	229 ± 670° [4]
	177 ± 282
	141 ± 186



	Lower Cantwell Formation (LCF)
	661 [27]
	
	
	



	Chignik Formation (CF)
	1090
	
	
	








Salazar Jaramillo et al. [41] also presented estimates of MAP based on geochemical weathering indices of fossil soils. Abundances (in wt%) of major oxides were measured from bulk samples, using a PANalytical Axios wavelength-dispersive X-ray fluorescence spectrometer at the Advanced Instrumentation Laboratory (AIL), University of Alaska Fairbanks. MAP was calculated by using the relationship between MAP and CIA-K in modern soils outlined in Sheldon and Tabor [42]. Raw data and complete methodological details for precipitation estimates of Salazar Jaramillo et al. can be found in the literature [27,41]. Average values for paleoprecipitation (bulk geochemisty values presented in Salazar-Jaramillo et al. and mean stable isotopic values calculated here) are presented in Table 1.



Paleotemperature estimates are presented in Table 2. All paleotemperature estimates are derived from the literature [8,11,26,40,43,44] and are based on detailed measurements from plant megafossil leaf physiognomy with statistical comparison to reference datasets of modern vegetation. Interested readers are referred to the original papers and the CLAMP (Climate Leaf Analysis Multivariate Program) website [45] for a detailed explanation of the methodology.




4. Prince Creek Formation (PCF)


The PCF crops are out along the Colville River, Alaska. The sedimentary facies, alluvial architecture, and paleosols have been studied in detail [5,6,23]. Large tidally influenced sinuous trunk channels (13–17 m thick) fed this delta plain distributary network, while smaller sandbodies (2–6 m thick) represent small sinuous distributary channels and point bars, and anastomosed channels. Floodplain facies include crevasse splays and levees, small floodplain lakes and ponds, swamps, and paleosols [5,6,23].



During the Late Campanian through the Maastrichtian, polar forests were dominated by a single deciduous conifer, Parataxodium wigginsii. Woody angiosperms were very rare. Ginkgophytes or cycadophytes were present, so that Parataxodium formed a semi-open canopy over a groundcover of ferns and Equisetites [8]. In the PCF, dinosaur skeletal remains are found in numerous bonebeds [5] (Table 3).



Though plant diversity was low in the Early Maastrichtian of Northern Alaska [8], a combination of floristic analysis and CLAMP data [36] from both lower latitudes and earlier times allowed Spicer and Herman [11] to estimate a MAT of ~6.7 °C at 80° N for the Maastrichtian (Table 2). Salazar-Jaramillo et al. [41] calculated a MAP from δ13C of organic matter from paleosol Bt horizons from one measured section and obtained an average MAP value of 1250 mm year−1. They also calculated a MAP value of ~1318 mm year−1 using geochemical climofunctions from paleosols (Table 1).




5. Lower Cantwell Formation (LCF)


The LCF of the Central Alaska Range is a heterogeneous non-marine to marginal marine succession composed of conglomerate, sandstone, siltstone, shale, coaly shale, minor coal, and weakly developed paleosols [25,26]. Lithologies consist generally of upward-fining conglomerate and pebbly sandstone, cross-bedded and massive sandstone, interbedded sandstone and siltstone, organic-rich siltstone and shale, and thin bentonites bounded by thin coals [26]. The LCF consists primarily of axial braided rivers, alluvial fans, floodplains, ponds, and small lakes; paleosols exist, but they are uniformly poorly developed [25,26].



Predominantly sharp-based matrix-supported conglomerates are laterally discontinuous and encased within fine-grained overbank deposits. Medium- and fine-grained sandstones are present in both fining- and coarsening-upward cycles. Burrowed mud drapes and desiccation cracks are locally present at the tops of sandstones [26]. Large conglomerate and pebbly sandstone bodies are interpreted as major channels in a distal alluvial fan setting. The flow was flashy, and the deposition was rapid, due to high sediment influx. Tabular fining-upward sandstones are interpreted as shallow distributary channels that record a recurrent pattern of frequent avulsion and unconfined flow.



Overbank deposits are represented by thin, fine-to-very-fine-grained sandstones interbedded with siltstones, mudstones, and organic-rich shales [26]. More heavily burrowed and rooted thin sandstones and siltstones interbedded with mudstones probably represent thin crevasse splay sands deposited further from active distributary channels. Laterally continuous, tabular massive and trough cross-bedded sandstones are interpreted as sheet flood deposits [26]. Coaly shales and laminated shales represent backswamp deposits and small ponds or lakes in distal alluvial fan and floodplain settings [26]. Rooted sandstones and mudstones represent weakly developed paleosols, suggesting high rates of aggradation on unstable landscapes [26].



Twenty-three plant morphotypes have been recognized [40]. Angiosperms in the LCF are represented by a relatively diverse assemblage of woody dicotyledonous leaf forms, rare seeds, and several monocot leaf forms. According to Herman et al. [8], this assemblage places the northern limit of woody deciduous angiosperm forests as far north as 80° N. In contrast to the PCF, angiosperms are relatively common in the LCF.



The LCF records a remarkable fossil record of thousands of tracks. The vertebrate ichnofauna includes fishes, pterosaurs, theropods (including birds), hadrosaurids, and ceratopsids [7,10]. These are most commonly represented as single tracks or small groups of tracks (N < 5), due to the near-vertical nature of the exposures in many parts of the park. Tracks attributable to the ichnogenus Hadrosauropodus, a presumed hadrosaurid dinosaur, are the most commonly encountered vertebrate footprint within the LCF [7].



A CLAMP analysis of fossil leaves collected in DENA yielded higher MAT and winter CMMT, but a similar summer WMMT, than the modern one [29] (Table 2). Fossil crayfish burrows also indicate paleoclimate conditions that were no colder than modern-day Southern Ontario, Canada [46]. Salazar-Jaramillo et al. [41] calculated a MAP of 661 mm yr−1 (Table 1) from stable δ13C isotopes from bulk organic matter and wood.




6. Chignik Formation (CF)


A 300 m section in the CF indicates primarily non-marine alluvial-coastal plain deposits that are dominated by meandering fluvial channels, with abundant crevasse splays, small lakes, and ponds, and a few thin peat swamps [47]. There is also evidence for tidal influence in distal deposits, as well as marginal marine and shallow marine deposits. In some cases, standing tree trunks are presently rooted in ancient soils [47]. A thick fluvial channel immediately overlying shallow marine deposits contains evidence of brackish water conditions (Teredolites-bored coalified wood, jarosite, and bioturbation). A thick tidal flat succession overlies this, followed by fluvial channel and overbank deposits. Tidal flats and overbank deposits show abundant dinoturbation. The section represents a transgressive–regressive succession that is consistent with a tide-dominated estuary fill [47]. The overview of the flora from the CF by Hollick [48] remains the most recent comprehensive work available; there is a strong likelihood of the need for taxonomic revision and updating, so further discussion of floral diversity is not warranted at this time. Fossil leaves are abundant in multiple horizons within the CF, and carbonized fossil wood is found throughout. We have found at least 12 distinct leaf forms, including cf. Metasequoia, Quereuxia, Nilssonia, a selaginellid moss, Equisetites, and eight different angiosperms.



The vertebrate fossil record of the CF within ANIA consists of a rich assemblage of tracks [38]. Most notable is that 93% of the track sites can be attributed to the ichnogenus Hadrosauropodus, a footprint attributed to a hadrosaurid. Hadrosauropodus tracks found in the CF range in size from those made by full-grown adults to juveniles.



Upchurch et al. [44] provided a MAT of ~13 °C from the CF based on a leaf margin analysis. Wood fragments from the CF were measured for their carbon isotopic composition, and δ13C was used to calculate an average MAP value of 1090 mm year−1 (Table 1).




7. Estimating Frequency of Large-Bodied Herbivorous Dinosaurs


The two datasets available here for estimating the frequency of large-bodied herbivorous dinosaurs are dinosaur tracks and dinosaur skeletal material. Detailed dinosaur-track studies have long shown value in improving the understanding of the paleobiology of these animals (see References [49,50], for example). More specifically, tracks can inform us about biodiversity, as well as provide a means for determining relative abundances of the track makers. Similarly, it is recognized that taphonomic analyses of fossil bonebeds provide details on biodiversity and community structure (see Reference [51] for a summary). While both types of data provide insight into the past, the latter dataset can provide species-level taxonomic resolution, while ichnotaxonomy has its limitations on taxonomic resolution. For the purposes of comparisons across datasets, we take a conservative approach and only compare data at the broader family taxonomic level.



With respect to footprints, hadrosaurid footprints found on a single large bedding plane in the LCF of DENA have been used to infer herd demographics, specifically age structure and abundance [7]. We take the distribution of track occurrences through the LCF as a measure of the relative abundances of large-bodied herbivorous dinosaurs, specifically hadrosaurids and ceratopsids. Members of these two groups of dinosaurs in the Late Campanian–Early Maastrichtian typically had body masses of more than 1000 kg. Given their sizes and abundance, it is reasonable to assume that they were intimately linked to their respective ecosystems, much the way elephants are linked to their environment. The inferred relative frequency of these two groups of dinosaurs within the LCF paleoecosystem was determined by the relative abundances of track-site occurrences, rather than individual numbers of tracks. For example, the thousands of tracks found on a single bedding plane in the LCF that can be attributed to hadrosaurids [7] constituted one data point for hadrosaurid frequency in this study. The frequency of hadrosaurids from the CF was taken directly from Fiorillo et al. [47].



Each bonebed in the PCF is dominated by the remains of either hadrosaurids or ceratopsids [4,5,6,16]. We take the frequency of the taxon dominating each bonebed as a measure of the relative abundance of that group within the ecosystem recorded within the PCF. Table 3 compares the relative frequency of the two large-bodied herbivorous dinosaur groups between these two areas. Corroborating this relative abundance, published references to specimen totals [16] combined with cataloged specimens at the Perot Museum of Nature and Science, Dallas, indicate the number of identifiable specimens (NISPs) from these bonebeds that can be attributed to hadrosaurids and ceratopsids is 8337 and 907, respectively. The NISP shows that hadrosaurid remains constitute 90% of the megafauna from these PCF bonebeds, and this is very close to the 83% derived from the bonebed analysis shown in Table 1.




8. Discussion and Conclusions


In his review of studies of modern large herbivore populations ranging from northern high latitudes to the tropics and subtropics, Owen-Smith [52] noted that variations in precipitation have a greater influence than temperature variations on the populations of large herbivores. The role of precipitation likely was expressed by its influence on food production and seasonal availability [52]. Furthermore, food production and seasonal availability of food rely both on the diversity of food types, which are more diverse further south, and the amount of time that the vegetation is available (i.e., length of growing season), which also increases to the south. Therefore, more diverse food was available further south than in the north. Similarly, it has been suggested that ecosystem productivity and faunal richness are positively linked to water availability within some fossil terrestrial ecosystems [53], further emphasizing the primary role that water plays in faunal composition.



Table 1 and Table 3 show that precipitation and temperature were not uniformly distributed in the Alaskan Late Cretaceous. The calculated MAP was higher in the PCF and CF than in the LCF. The trend in MAT values shows a predictable slight-to-moderate increase moving in a southerly direction.



Figure 3A shows the relative frequencies of these two dinosaurian megaherbivores within the PCF, LCF, and CF plotted against the corresponding MAP values for these three rock units. Similarly, Figure 3B shows the relative frequencies of hadrosaurs and ceratopsians plotted against the MAT values for the PCF, LCF, and CF. Neither temperature nor precipitation alone appears to be the dominant factor in the relative abundance of ceratopsians or hadrosaurs. The warmest conditions seem to favor hadrosaurs. Meanwhile, the driest conditions seem to favor ceratopsids. Neither factor is perfectly correlated with relative abundance of herbivores. Although hadrosaurids were the dominant vertebrate taxa in all three formations, ceratopsids had a higher relative frequency in the drier LCF (Table 2 and Figure 3A). Meanwhile, the relationship of megaherbivore relative frequency to MAT is more ambiguous, as the megaherbivore relative frequency does not follow the increase in temperature; specifically, the warmest and coldest MAT values also correspond to the highest relative frequencies of hadrosaurs, and the intermediate MAT value has the lowest relative frequency of hadrosaurs (Figure 3B). Ceratopsians, on the other hand, have the highest relative abundance with the intermediate MAT value. Interestingly, the PCF, with a higher relative abundance of hadrosaurs, has a slightly cooler WMMT and a slightly warmer CMMT than the LCF, containing a lower relative abundance of hadrosaurs. The opposite is true for the relative abundance of ceratopsids, with their abundance being higher in the LCF (warmer WMMT and cooler CMMT) and lower in the PCF (cooler WMMT and warmer CMMT). Because CLAMP data do not exist for the CF, we cannot extend this analysis to the CF. However, it does suggest the intriguing possibility that hadrosaurs preferred the more equable temperatures present in coastal environments.



Neither precipitation nor temperature is perfectly correlated with the relative abundances of each respective herbivore group. Two previous studies related to habitat preferences do allow for further speculation here on which climatic factor may have had a stronger influence. Among the many Arctic dinosaur teeth from the PCF examined by Suarez et al. [54] in their study of oxygen isotope composition were teeth attributed to hadrosaurs and ceratopsians, specifically Edmontosaurus and Pachyrhinosaurus, respectively. Based on the oxygen isotope signal, they suggested that the ceratopsians foraged for food on the coastal floodplains away from riparian areas, while the hadrosaurs may have foraged for food within the riparian areas. These results suggest then that, within a given landscape, the ceratopsians preferred the drier, better-drained regions, while the hadrosaurs preferred the wetter regions of the landscape. Similar to the conclusions of the work by Suarez et al. [54], in a taphonomic study of the occurrences of bonebeds in the PCF, Fiorillo et al. [55] showed that the bonebeds dominated by hadrosaurs (i.e., Edmontosaurus) occurred in the more distal areas of the depositional system, areas which represent lower delta plain facies nearer to the coast. In contrast, the ceratopsians (i.e., Pachyrhinosaurus) preferred a habitat that was the more proximal, slightly elevated, and drier upper coastal plain. These studies allow speculation that, though the data presented have limitations, there is likely a stronger relationship between herbivorous dinosaur relative abundances and MAP than with MAT; however, seasonal variations between summer and winter temperature ranges may also play a role, as suggested above.



Both the PCF and CF were deposited in coastal areas, whereas the LCF was deposited in the interior and on the leeward side of an active tectonic margin, which may have resulted in a rain shadow effect [25], possibly accounting for the lower MAP in the latter formation. We cannot rule out that the annual sunlight seasonality, specifically the profound seasonal changes in light intensity and duration due to the amount of solar insolation resulting from the low angle of the sunlight striking the Earth at high latitudes, might also contribute to this phenomenon. The light regime is also strongly dependent on the paleolatitude of the habitat (particularly in near-polar areas). While this presumably had some form of a latitudinal gradient effect on vegetation in terms of the length of growing season and overall ground temperature, and therefore affected plant diversity, some modern plants across clades, such as the Tracheophyte Equisetum, the conifer Pinus, and the angiosperm Populus, have latitudinal ranges that extend beyond the range of our transect, so the light regime phenomenon may have played a secondary role rather than a primary one.



The availability of light is linked to plant productivity and, hence, to the seasonal availability of fresh food for plant-eating dinosaurs. Relatedly, the differences in precipitation likely impacted the taxonomic composition of the floral assemblages (i.e., diversity) within each study area, as well as vegetative productivity. While taxonomic diversity within fossil plant communities might be accessible, estimating vegetative productivity is beyond the scope of this work. It is sufficient, however, to recognize that these potential vegetative differences may have also had a role in the relative frequencies of hadrosaur and ceratopsian populations, as it is generally accepted that, based on preliminary microwear studies on the teeth of these two herbivore groups, the latter group ate tougher food stuffs than the former in these northern populations [7,56]. However, the role of specific vegetation type may have been minimal given the broad latitudinal rage of the dinosaur genera Edmontosaurus [57] and Pachyrhinosaurus [58,59]. Such a broad geographic range for these genera suggests that these dinosaurs were not tied to specific plant types. Regardless, these formations provide ample evidence for a flourishing high-latitude ecosystem during the Late Cretaceous greenhouse, an ecosystem where the local paleoclimate was a primary driver in structuring the relative abundances of large-bodied herbivores in local environments. Our analysis suggests that MAP played a more direct role in determining the distribution of dinosaurs than did MAT, although seasonal temperature ranges between summer and winter may have also played a secondary role.
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Figure 1. Maps showing general locations of study areas. (A) Modern Alaska. (B) Polar projection of tectonic plates during the Late Cretaceous (Base map from PLATES Project, University of Texas Institute of Geophysics). The inner latitudinal ring on map represents 45° N. (C) Examples of vertebrate fossil data used in this study. (1) PCF, North Slope, C1, bonebed. (2) LCF DENA, C2, ceratopsian footprint, DENA. (3) CF, ANIA, C3 hadrosaur footprint. 
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Figure 2. Stratigraphic correlation of rock units discussed in this report. 
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Figure 3. (A) Graph shows relative abundances of ceratopsians and hadrosaurs (shown by red squares and blue dots, respectively) plotted against average isotopic values for mean annual precipitation. PCF, LCF, and CF refer to Prince Creek Formation, lower Cantwell Formation, and Chignik Formation, respectively. Note that there is a clear pattern of ceratopsians dominating in the drier LCF, while hadrosaurs dominate in the wetter PCF and CF. (B) Graph shows relative abundances of dinosaurian megaherbivores plotted against the mean annual temperatures for the PCF, LCF, and CF. (The temperature value entered for the PCF is the average of the values listed in Table 2.) Note that the relationship between relative abundances and MAT is ambiguous. 
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Table 2. Comparative paleoclimate mean annual temperature (°C). These paleotemperature data were compiled from the previous work of others. Methods describing how temperature data were derived are available in Spicer and Parrish [43], Spicer and Herman [11], Herman et al. [8], Tomsich et al. [26], and Upchurch et al. [44]. CLAMP data also generate values for warm-month mean temperature (WMMT) and cold-month mean temperature (CMMT).
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	MAT
	WMMT
	CMMT





	Prince Creek Formation (PCF)
	5–6 [44]
	10–12
	2–4



	
	6.7 ± 2.2 [11]
	-
	-



	
	6.7 [8]
	14.5 ± 3.1
	−2 ± 3.9



	Lower Cantwell Formation (LCF)
	7.4 ± 2.4 [26]
	17.1 ± 3.2
	−2.3 ± 3.8



	Chignik Formation (CF)
	13 [44]
	-
	-
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Table 3. Relative frequency of hadrosaur remains versus ceratopsian remains in correlative latest Cretaceous rocks of Alaska. Bonebed occurrences are from the Prince Creek Formation of Northern Alaska. These bonebeds are dominated by either hadrosaur remains or ceratopsian remains. Footprint occurrences are from the lower Cantwell Formation (LCF) of Denali National Park & Preserve. The Chignik Formation (CF) of Aniakchak National Monument & Preserve also preserves footprints, but none has been found that can be attributed to ceratopsians.
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	Bonebeds
	%
	Footprints
	%
	Footprints
	%





	
	(PCF)
	
	(LCF)
	
	(CF)
	



	Hadrosaurs
	5
	83
	77
	73
	67
	100



	Ceratopsians
	1
	17
	28
	27
	0
	0
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