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Introduction 

 At the end of the last glacial interval, eastern Beringia (unglaciated Alaska and northwest 

Canada) transitioned from a ‘mosaic’ arctic steppe biome to a contiguous tundra and taiga 

environment.(1-6) All biomes support(ed) lichen,(1,7-9) an important winter “bottleneck” food 

resource for Rangifer tarandus (caribou). This region has therefore provided caribou with a continuous 

habitat since the Pleistocene, despite post-glacial climate and corresponding vegetation and faunal 

changes which influenced a decline in important food sources available to caribou in the previous 

steppe biome.(1,3-6) The transformation from steppe biome to tundra/taiga ecology is attributed as 

a primary factor in Beringian large herbivore (megafauna) extinction – mammoth, horse, steppe 

bison, to name the principals.(1,2,7) In response to climate change, steppe grasslands offering rich 

and diverse food resources to herbivores through a long growing season declined, and were replaced 

with woody green plants.(1,2,7) Lichen persisted in the new Beringian community,(7,9) and so, 

unlike for those megafauna species that became extinct [with habitat restriction likely being the 

primary factor(1,2)], the region retained suitable habitat resources to support caribou survival. 

To investigate the importance of lichen in shaping the community (flora and fauna: caribou and 

spruce Picea) of eastern Beringian from the Pleistocene to the present, I explored three questions: 1.) 

dietary selection of lichen and the role of lichen in caribou survival through Beringia’s post-glacial 

transition, and shifts in caribou behaviour and morphology since the Pleistocene attributable to 

impoverished food resources; 2.) the role of lichen in promoting Picea growth in the development 
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and maintenance of the taiga; and, 3.) conditions favourable to lichen productivity, and parallels with 

aspects of overall post-glacial transitioning conditions of Beringia.  

I anticipated I would find a consistent relationship between lichen and Picea through most of the 

Pleistocene and Holocene, providing a continuous food source for caribou, and that this would 

explain the ability of caribou to survive as other ungulates became extinct. I also anticipated 

declining steppe vegetation and increasing lichen in caribou diet would explain caribou dwarfism 

since the Pleistocene.     

 

Caribou Geography and Characteristics 

Mitochondrial DNA analyses undertaken by Flagstad et al. (2003) support two isolated 

populations of caribou existing in separate North American refugia during the last glacial interval: 

one in Beringia (spanning from North America through eastern Eurasia), the other south of the ice 

sheet in the United States.(10)1 Extent migratory barren-ground and arctic tundra herds, and 

woodland herds, respectively, descended from these populations; woodland herds developed as the 

southern population followed the retreating ice sheet north and transitioned to a taiga habitat.(10)      

 Present-day caribou, as with moose and musk oxen, are thought to be the same as their 

Pleistocene forms, though smaller in stature.(1) Morphological differences between extent caribou 

are believed to be attributable to habitat adaptations.(10-12) For instance, leg length has been shown 

to decrease in relation to higher latitude habitats, the underlying factor being nutritional stress (i.e. 

greater energy expenditure/intake).(12) Post-glacial dwarfism amongst caribou is similarly attributed 

to impoverished energy intake and retention.(1,2,12,13) For instance, caribou suffer increased insect 

harassment (drawing on energy, including through blood loss) and feed less in warmer temperatures; 

and increased precipitation means deeper snowfall that takes more energy to walk through.(13) 

                                                 
1 These analyses demonstrated a phylogenetic relationship between extent descendant groups more consistent with “historical patterns of 
fragmentation and colonization rather than clear-cut relationships...”(10: p. 658)  
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 Caribou pelage consists of insulating hair with an open cellular structure that retains heat and 

prevents convection of cold air.(14)  Skoog (1968) describes caribou as having a vascular heat 

exchange mechanism and low-melting point fat in their legs that enable them to maintain a warm 

body cavity while their legs are cold.(9,14)  Caribou hooves are specialized for northern conditions: 

the ability to spread hooves by bending at interphalangeal joints provides greater stability on snow, 

ice and unstable substrata (ex. muskeg), and sharp edges enable caribou to dig “craters” through ice 

and snow to uncover food.(9,14) 

In terms of body size, females are 10-15% smaller than males.(1,15) Both males and females 

have antlers, also smaller for females. Antlers are shed in the spring2, with females retaining theirs 

until after calving, using them to defend winter craters.(15) Antlers of woodland males are 

substantial and suitable for combat, as breeding is polygamous; barren-ground caribou are 

monogamous, and male antlers are better suited for attracting females.(15)    

June calving3 coincides with the brief season of greatest plant productivity, in order to 

capitalize on available energy sources to maximize growth potential before the first winter when 

calves will lose reserves of body fat and muscle.(16) Prenatal growth is significant – Knott (2005) 

recorded 6.9% of maternal mass at birth – and depends on maternal nutrition. Newborns rely on 

energy from milk in the form of lipids that build fat stores. Calves then transition to forage at 

around 60 days when early plant growth contains the highest proteins which facilitate development 

of muscle mass.(16) Impoverished plant availability during gestation and after birth, as well as energy 

draining conditions (such as insects and deeper winter snow, noted above), negatively influence calf 

growth.(16)  

 

Caribou Nutrition 

                                                 
2 Older males shed their antlers in November.(15) 
3 Eurasian reindeer calve in late-April to mid-May, preceding the season of greatest plant productivity.(16) 
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 Although lichen is an important winter staple (and a substantial component of caribou’s 

annual dietary intake), it is not caribou’s preferred food, and is selected when better quality resources 

become unavailable.(9)4 Throughout the year, caribou select plants with the highest available fat and 

protein content. New growth (shoots, buds and herbaceous plants uncovered by retreating snow) 

are accessed in spring in the tundra and taiga, with new grass growth, sedge and willow shoots 

sought in late spring and summer.(1,2,9) Fall foods in the taiga include green plants, the bases of 

grass and sedge plants (which retain their protein content longer) and fungi (which have higher 

protein content than plants available at the time).(1,2,9) When snowfall covers what remains of 

these, caribou shift to lichen through the winter “bottleneck”.(9) Lichen is available through about 

ten feet of snow cover in the taiga, accessible to caribou through cratering.(9)  Caribou that winter 

on the tundra rely on grass and sedge through the “bottleneck” months.(9)   

Present-day food preferences are consistent with the edible vegetation available to caribou in 

Beringia during the last glacial interval [i.e. herbaceous plants, grasses (graminoids), willow-like 

shrubs, sage (Artemesia), fungi],(1,2,7), and suggests caribou would have had access to better quality 

(high in protein, phosphorous, potassium; low in fibre, phytoliths and antiherbavory compounds) 

and more abundant food resources in the region during that period.(1,2) Minimal snow cover during 

cooler, drier winters, followed by significant spring precipitation, would have fostered a longer 

growing season during the glacial period (1,2) with greater and earlier abundance of shoots, buds and 

herbaceous plants caribou prefer. Guthrie suggests this abundance prevented interspecific 

competition, with habitat partitioning occurring later in the summer once spring resources began to 

deplete.(1,2) Grasses were abundant later in the growth season, with trampling and grazing by 

herbivores promoting grass productivity, which continued to prevent herbivore competition.(6) 

                                                 
4 Analysing stomach contents of caribou shot in winter, in addition to lichen Kelsall (1968) identified sedge (Carex), Labrador tea (Ledum) and willows 
(Salix) as more common than occurring in caribou craters, suggesting preferential ingestion. (9,17)  
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Once partitioning occurred, Guthrie suggests range overlap was minimal, as it is today amongst 

northern ungulates,(1,2,18)5. These factors would have provided increased availability of food 

resources to caribou calves through their critical growth period, allowing them to capitalize on 

increased energy intake to optimize their growth potential before their first winter.6 

Basal metabolism rate and oxygen consumption drops dramatically in caribou during the 

winter, accompanied by a drop in food requirements (except for gestational cows), and 

corresponding to a cessation in growth.(9) These factors would offset the decrease in protein 

available in winter, both at present and during the last glacial interval. However, Pleistocene caribou 

would have amassed greater stores of fat and muscle, and would have expended less energy in the 

winter than present day caribou as there was significantly lighter snow cover.7 Caribou may also have 

relied less on lichen, as better quality “bottleneck” foods would have been available, with a positive 

influence on gestational growth. 

Access to high quality food through a longer growing season would have facilitated a rapid 

growth rate among caribou and other ungulates prior to their first winter, enabling them to achieve 

greater statures (“gigantism”) than there present-day counterparts.(1,2). The impoverishment of the 

Beringian landscape since the Pleistocene accounts for ungulate downsizing (“dwarfism”).(1,2) For 

caribou, this impoverishment has meant an increased reliance on lichen, a lower quality food source, 

but one that facilitated survival through conditions that resulted in other ungulates extinctions.  

 

Metabolizing Lichen 

 Speiss (1979) identifies the presence of a symbiotic intestinal flora (bacteria) adapted to 

dealing with lichens, which assists caribou in metabolizing this winter survival food.(9)  In 

                                                 
5 A study of range overlap between indigenous caribou and re-introduced bison in the Yukon showed a mere 6% overlap, with caribou range largely 
encompassing higher altitudes.(17) 
6 In an unsuccessful search to find references suggesting earlier calving during the Pleistocene, I came across a study by Skogland that found reindeer 
tooth wear is more pronounced in relation to gestational food limitations.(19) 
7 Similarily, cooler glacial summers may have meant Pleistocene caribou expended less energy to insect harassment, and may have had better appetites. 
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artiodactyls,8 intestinal flora are largely responsible for the chemical processes of digesting plants, 

and are notably sensitive to changes in pH (acid-base)9.(9)  Some lichens are high in acid content, 

which Speiss suggests are indigestible to the intestinal flora of many artiodactyls, whereas that of 

caribou appears able to withstand lower pH levels.(9) This digestive ability enables caribou to utilize 

food resources which other ungulates generally avoid, and in the taiga where more typical (and 

preferable) browse is unavailable in sufficient quantities to support other ungulates.(9) Heavier 

snowfall in taiga habitats enables caribou to reach lichen higher up on spruce tress, where they can 

avoid the antiherbavories contained in the growth closer to the ground.(1,9) 

 

Lichen and Spruce in the Pollen Record 

 Eastern Beringian vegetation shifted towards increased dwarf birch-shrub (Betula) at 14-13 

kya10, followed by development of Picea-dominated taiga south of a tundra steppe.(1) Analyses of 

pollen samples indicate Beringian vegetation has not changed significantly through the 

Holocene.(20) In reconstructing the distribution of biomes across Beringa, Edwards et al. (2000) 

concluded that at 6 kya there was almost no difference in the position of the tundra/taiga ecotone in 

Alaska (i.e. no macrofossil evidence of Picea further north than today), and in the Mackenzie Delta 

the boundary was slightly north of its present position (i.e. macrofossil evidence of Picea north of its 

present limit).(20)11 Edwards et al. interpreted these tree line expansions as indicating increased 

growing season warmth due to insolation changes.(20)   

In contrast, at 18 kya Beringia encompassed steppe tundra across its entire plain, with a 

mosaic of component tundra between regions, consistent with year-round cooling.(20) Picea growing 

in isolated stands, and/or in valley bottoms (where snow would have accumulated, providing 

                                                 
8 Even-toed ungulates from the mammalian order Artiodactyla. 
9 Guthrie notes that unlike modern acidic boreal soils, mammoth steppe soils were probably alkaline and more conducive to herb growth and nutrient 
release.(1) 
10 “kya” = thousands of years ago. 
11 The tree line in Siberia and other regions of the Arctic were revealed as being further north than at present.(20) 
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required moisture), may have been one of these components at the onset of the last glacial period: 

Zazula et al. (2006) have identified both black spruce (Picea mariana) and white spruce (Picea glauca) 

pollen occurring at 26 kya and 24.5 kya in the Yukon,(21) before becoming extinct at 18 kya.(1,2)    

At present, Picea sites at present are most favourable for lichen production (Alectoria jubata, 

Stereocaulan and Cladonia are the most common).(8,9)  The presence of Picea during at least the early 

part of the last glacial interval may imply lichen, as complementary vegetation, was potentially 

available to Pleistocene caribou in conjunction with isolated Picea stands. However, pollen evidence 

reflects a steppe biome supporting more xeric lichen (including Cladonia) through the last glacial 

maximum: 

Pollen DNA analyses of Beringian permafrost samples undertaken by Lydolph et al. (2006) 

identified multiple lichen symbionts at 300-400 kya and 10-20 kya as “genetic relatives of the [present-

day] lichenizing mycobiont genera Cladonia, Pilophorus, Cetraria, Physcia, Lecania, Caloplaca, Bunodophoron, and 

Umbilicaria. Both Cladonia metaminiata and Cetraria islandica, to which we found 100% similarlity, are common 

cold-region inhabitants.”(7: p.1016 )  Lydolph et al. suggest lichen presence may explain the ability of the 

region to sustain caribou (and potentially other ungulates) through the last glacial interval.(7) 

 

Lichen and Spruce Forest 

Severe winters and nutrient-poor soils (sandy glacial and fluvial deposits) in the tundra/taiga 

ecotone inhibit higher plant growth, allowing lichen, as a nutrient-stress-tolerant species, to 

proliferate, largely as a result of taller plant not shading then from sunlight.(8).12  

 Insolation is a critical factor influencing soil moisture and temperature.(8) Examining 

successional recovery stages subsequent to forest fire, Kershaw (1978) describes that high albedo 

                                                 
12 This is supported by environmental modeling undertaken by Cornelisson et al. (2001) wherein increased vascular plant productivity occurred in 
warming conditions and greater soil nutrient availability across subarctic and mid-artic ecosystems. These negative effects were independent of 
environmental treatments, and were therefore a function of vascular plant abundance, particularly the amount of shade cast on lichensHowever, it is 
worth noting that Conrelisson et al. did not consider the effects of the caribou grazing feedback on vascular vs. lichen productivity (22). 
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and infrared radiation loss during early stages results in xeric conditions (i.e. reduced surface energy, 

reduced soil moisture), which facilitate development of a Cladonia canopy without competition. 

Surface microclimate “improves” during later successional Stereocaulan canopy stages (described in 

the next paragraph), becoming more favourable to Picea growth.(8)  Moisture is retained in the lower 

layers of the canopy, and soil moisture is retained throughout the summer. Temperatures at the 

bottom of the canopy can be 20°C cooler than surface temperatures, resulting in cooler soil 

temperatures at levels which may slow tree growth and thereby promote the open nature of the 

taiga.(8) At the same time, the lichen canopy infuses nutrients into the soil through its mulching 

properties and maintains substrata conditions that promote tree growth on soil that would otherwise 

be too dry, solid and nutrient poor to support Picea.(8) 

 This highlights the interdependent balance between lichen ground cover and the ecology of 

Picea in the tundra/taiga ecotone.  Kershaw notes fire is a critical factor in maintain this balance: 

without fire, Picea growth may eventually restrict the sunlight lichen requires, which would begin a 

feedback loop detrimental to both species.(8) 

Microclimate conditions produced by lichen canopy in the taiga parallel aspects of the 

overall post-glacial transition to tundra/taiga in Beringia, which Guthrie attributes to seasonal 

changes of moisture distribution and a shortening of the growing season.(1,2). A concentration in 

precipitation during the summer, combined with increased winter snowfall, would have promoted 

growth of mesic and “cushion” plants (such as lichen). The insulative properties of these plants 

would have retained moisture and reduced soil temperature and fertility.  Increased soil moisture 

would have promoted growth of higher plants, such as Betula and, later, Picea.(1,2) Guthrie notes that 

in the more arid Pleistocene Beringian environment, it was not soil nutrient stress that limited forest 

growth, but rather moisture stress, suggesting the mulching properties of lichen would not have 

been as critical to Picea productivity as today. As noted, the opposite is true since the post-glacial 
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transition: today, reduced fertility and colder temperatures are the main factors limiting further 

northward expansion of the Picea tree line.(1,2) 

 

Conclusion 

The above description suggests Picea and lichen are not “co-evolved associates”, but rather 

occur as complementary plants when conditions are favourable to both and support a relationship 

between these two plant types. Independent occurrences of (xeric) lichen and Picea (in the fossil 

record) suggest that climate conditions facilitating favourable habitats are more important to the 

productivity of each than a direct relationship between lichen and Picea. Certain favourable 

conditions in taiga lichen ground cover may parallel favourable aspects of the new Beringian 

environment.   

From the above, it is reasonable to conclude xeric lichen constituted a greater proportion of 

caribou “bottleneck” diet than did mesic lichen, during the arid last glacial interval and through the 

early part of the following transition period. Xeric lichen species are prevalent in lichen pollen 

samples from these times. As the post-glacial transition to tundra/taiga occurred, steppe habitat 

declined, and changed moisture distribution and soil moisture retention would have promoted 

increased mesic lichen productivity.  Mesic lichen would have become more and more substantial as 

a component of caribou diet, providing a replacement for the declining herbaceous plants, shoots, 

etc.  Being a poorer source of nutrition, particularly for gestational caribou investing energy in fetus 

growth through the winter, increased reliance on lichen has therefore been a factor in the dwarfing 

of caribou that has occurred since the late Pleistocene. 
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