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ABSTRACT 

The stress-gradient hypothesis is an ecological theory which aims to describe patterns of 
species interaction under conditions of adversity. High-elevation montane environments 
are among the most stressful habitats for plants; organisms found in these regions are 
well-adapted to a variety of environmental stressors, and their interactions range from 
competitive to facilitative across stress gradients. We examined the effects of edaphic 
and climatic stressors on facilitation in subalpine cushion-forming plants in the White 
Mountains of California, a semi-arid mountain range. Greater association between these 
cushion plants and neighboring plant species was observed on more nutrient-rich granitic 
soils, and no trend was observed across north and south aspects. Nitrogen-fixing species 
of cushion plants contained more associated plants than non-nitrogen-fixers, and all 
cushions demonstrated an ability to thermoregulate when compared to their 
surroundings. While these potential mechanisms for facilitation were not observed as 
expected across stress gradients, these effects may have been masked by the severity of 
the macroclimate in the White Mountains; facilitation in subalpine cushion plants remains 
an important potential ecosystem service, and their conservation may therefore become 
a higher priority in the face of climate change, habitat loss, and species migration. 
 
Keywords: cushion plants, facilitation, stress-gradient hypothesis, edaphic stress, climatic 
stress 

 
INTRODUCTION  

Inhospitable climates can be found across 
the planet and range in their extremity of 
ecological conditions. From saline marshes 
to hot deserts and arid mountain tops, plants 
are found and distributed throughout these 
stressful environments and form the basis of 
specialized communities and ecosystems 
(Hatfield and Prueger, 2014). The plant 

communities that inhabit such extreme 
climates are often spatially distributed 
through mechanisms of competition and 
facilitative cooperation (Bertness and 
Callaway, 1994). One popular ecological 
theory that aims to explain plant community 
structure and distribution in response to 
environmental adversity is the stress 
gradient hypothesis, which states that in 
areas in which plant communities are under 
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high amounts of biotic or abiotic stress, 
facilitation is said to be favored, and that in 
areas where stress is low, competition 
dictates species interactions (Bertness and 
Callaway, 1994). 

Recently, several studies have found that 
plant facilitation is important in regulating 
stability within communities and is not just 
merely associated with successional periods 
(Hunter & Aarssen, 1988; Bertness & 
Callaway, 1994; Callaway, 1995, 1997; 
Brooker & Callaghan, 1998, Clements, 1916, 
Connell & Slatyer, 1977). From these studies, 
evidence has shown that plants tend to 
derive mutual benefit through facilitation as 
environmental conditions become more 
severe—as in deserts, tundras, and high-
elevation montane environments (Bertness 
and Callaway, 1994). Facilitation then serves 
to structure plant communities through a 
series of positive interactions that 
ameliorate potentially limiting 
environmental stressors (Callaway, 2007). 

Potential physical stressors that may 
induce facilitative efforts in plants can be 
climatic or edaphic in nature (Hatfield and 
Prueger, 2014). Edaphic stressors are 
negative characteristics associated with soils 
and substrates. Specifically, characteristics 
like acidic, basic, saline, and nutrient-
deficient soils induce deteriorative and 
difficult growing conditions (Singh Minhas, 
2017). Climatic stressors that can affect 
plant growth include temperature, aspect, 
UV radiation, wind intensity, desiccation, 
and elevated CO2 levels (Ma et al., 2019). In 
the northern hemisphere, certain climatic 
stressors like ultraviolet radiation affect 
south-facing slopes more than north-facing 
slopes, resulting in higher rates of 
desiccation on south-facing slopes (Yang et 
al., 2020). Altogether, edaphic and climatic 
stressors can have varied effects on 

facilitation in a variety of organisms and 
communities. 

In subalpine and alpine habitats, plants 
exhibit certain morphological adaptions to 
better cope with the extreme stress of these 
environments; in particular, cushion-
forming plants adopt a short stature and 
compact form to combat climatic and 
edaphic stressors (Pyšek and Lyska, 1991). 
Concerningly, cushion plants have not 
shown the same long-term patterns of 
upward range expansion as other members 
of the sub-alpine plant community, elevating 
conservation concerns around these species 
(Kopp and Cleland 2013). A subset of cushion 
plants are nitrogen-fixers, an adaptation to 
the poor, underdeveloped soils which 
contain low concentrations of essential 
nutrients such as nitrogen, phosphorus, and 
potassium. Nitrogen-fixing plants form 
mutualistic relationships with rhizobia 
bacteria in their roots that assist in 
converting atmospheric nitrogen to 
photosynthate (Denison and Kiers 2004); 
these plants may even serve to increase the 
nitrogen levels in the soil around them, 
facilitating the growth of neighboring plants 
(Morris and Wood 1989, del Moral and Bliss 
1993). 

While previous studies have described 
patterns of facilitation in montane 
environments across increasing elevational 
gradients, climatic stress gradients, and 
trends of competition during periods of 
water availability in arid environments, 
broad-scale meta-analyses continue to 
dispute the applicability of the stress-
gradient hypothesis and its effects on 
facilitation and competition within plant 
communities (Callaway et al., 2002, Choler 
et al., 2001, Holzapfel et al., 2006, Maestre 
et al., 2005). In this study, we aimed to 
evaluate the role of facilitation in alpine 
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cushion forming plants by describing 
patterns of inter-specific association across 
edaphic and climatic stress gradients within 
the White Mountains of California. In 
particular, we expected nitrogen-fixing 
cushion plants to greater facilitate the 
growth of other forbs and grasses in and 
around them as opposed to non-nitrogen-
fixing cushion plants. We also anticipated 
greater levels of neighboring plants within 
cushion plants in areas of elevated edaphic 
and climatic stress—namely, on drier and 
hotter south-facing slopes, and on the more 
nutrient-deficient dolomite substrates. 
Lastly, as a physical mechanism for 
facilitation, we suspected that cushion 
plants would exhibit a temperature 
mediating effect when compared to the 
surrounding ground. 

METHODS 

2.1 Study System 

Research was conducted at the White 
Mountain Research Center (WMRC), a 
facility owned and operated by the 
University of California Natural Reserve 
System. WMRC is located within the White 
Mountains, an arid range of mountains east 
of the Sierra Nevada bordering California 
and Nevada northeast of Bishop, California. 
Our study site was located at the Crooked 
Creek Station, situated in subalpine 
sagebrush steppe and pine woodlands at an 
elevation of 3,090 m. Research was 
conducted at this site from Aug 1–6, 2021. 
Geological substrates in the White 
Mountains include granite, dolomite, 
quartzite, and shale; these substrates have 
varying levels of nutrients necessary for 
plant growth, with dolomitic soils yielding 
the lowest nutrient availability overall 

(Molinia-Venegas et al., 2018, Mota et al., 
2021). Because of its location within the rain 
shadow of the Sierra Nevada, the climate of 
the White Mountain range is characterized 
as cold and dry (Marchand 1973). At Crooked 
Creek (3,093 m) annual mean temperature 
and precipitation are 1.3°C and 391 mm 
yr−1, respectively. Environmental stressors 
associated with this type of temperate 
alpine ecosystem include high winds, 
extreme temperatures, high UV irradiance, 
and low water and nutrient availability; 
these stressors are more pronounced on 
different substrate types and aspects. 

2.2 Study Design 

We conducted an observational study 
surveying five locally common species of 
cushion plants across sites with different 
aspects and soil types. To test the effects of 
nitrogen fixation on association with 
neighboring grasses and forbs, we surveyed 
two nitrogen-fixing species (Lupinus breweri 
and Trifolium andersonii, Fabaceae), and 
two non-nitrogen-fixing species (Eriogonum 
ovalifolium, Polygonaceae; E. kingii, 
Caryophyllaceae). Selected cushions were 
distributed across north and south facing 
slopes in granitic soil to test for climatic 
stress. Once cushions with a minimum 
cushion size of 20 cm were selected, we 
measured the aspect, species, and overall 
diameter of the cushion, as well as the 
temperature difference between each 
cushion and the surrounding ground. Non-
cushion (or co-occurring cushion-forming) 
plants that were found to be in contact with 
the host cushion plant were noted—we 
recorded the number of species and 
individuals present on the cushion as well as 
the height, width, and reproductive status of 
those individuals. In total, we recorded 40 
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cushions of each species, 20 cushions on 
each aspect. 

Our second observational study was 
conducted to test the effects of edaphic 
stress on facilitation between cushion plants 
and other associated species. We surveyed 
three species of cushion plants in this 
observational study: E. ovalifolium and 
Eriogonum gracilipes (a dolomitophile 
taxonomically linked to E. ovalifolium), and 
E. kingii, which was present on both soil 
types. Selected cushions were distributed 
across north and south facing slopes in 
granitic and dolomitic soil to test for climatic 
stress and edaphic stress. We used the same 
methods for sampling cushions and 
associated species on the cushion as we did 
in the first observational study. 

2.3 Statistical Analysis 

We used an ANOVA to analyze the effect 
of soil type on cushion size. Due to an 
abundance of uninhabited cushions, we 
used Wilcoxon sign-rank test to analyze the 
effect of soil type, aspect, and nitrogen-
fixing behaviour on the number of species 
and individuals found on a cushion plant, 
and post-hoc Tukey HSD analyses were used 
to test for differences across each cushion 
plant species. To analyze the effect of 
functional group on number of species on 
cushion plants, as well as temperature 
differences between cushions and their 
surroundings, we used a paired t-test. All 
analyses were conducted using JMP 
Statistical Software Version 16.0.0. 

RESULTS 

Cushion plants observed in our study were 
associated with 20 different species (Table 
1). Association varied by functional group 
and species (n = 150), both when comparing 
number of individuals (F = 24.2, P < 0.0001) 
and species (F = 12.6, P < 0.0001) present on 
a given cushion plant (Fig. 1). Nitrogen-fixing 
cushion plants had higher incidence of 
association than non-fixers (n = 150, t = 5.77, 
P < 0.0001); L. breweri had the most co-
occurrence, and E. ovalifolium had the least, 
while T. andersonii and E. kingii had varying, 
intermediate levels of association (Fig. 2). All 
species demonstrated temperature 
regulating effects and were, on average, at 
least 4 °C cooler than their surroundings (n = 
171, F = 4.26, P = 0.0063); L. breweri and T. 
andersonii were the coolest as compared to 
their surroundings, while E. ovalifolium was 
the least effective temperature moderator 
(Fig. 3).  

 
 
Figure 1: Density of co-occurring individuals on 
cushion plants by aspect. No difference was 
observed in density (individuals per unit cushion 
width) of associated plants growing within cushion 
plants across North and South aspects. [n = 297, Z = 
0.26, P = 0.79] 
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Table 1: Species found within and in contact with 
cushion plants. 

 
Edaphic stress played a role in association 

between plants (n = 147); fewer individuals 
(Z = 2.46, P = 0.014) and species (Z = 2.06, P 
= 0.044) grew in and around cushion plants 
on dolomitic soil as compared to granite 
(Figure 1). When examining one species’ 
growth patterns across different soil types, 
E. kingii was smaller on average (n = 80, t = 
2.02, P = 0.047), with a stunted maximum 
patch size, on dolomite (Fig. 4). Climatic 
variation on north and south exposures, 
however, had no effect on facilitation rates 
as measured by density of associated 
individuals per cushion (Fig. 5; n = 297, Z = 
0.26, P = 0.79).  

 
 
Figure 2: Variation of species present on cushion 
plants by species and functional group. 
Representation of associated plant species was 
greater within nitrogen-fixing cushions overall; L. 
breweri hosted the most species (A), followed by T. 
andersonii (B), and E. ovalifolium (C). E. kingii 
exhibited intermediate levels of association with 
other plants (BC). [n = 150, F = 24.2, P < 0.0001] 
 
 

 
 
Figure 3: Difference in temperature between 
cushion plant and surroundings by species and 
functional group. L. breweri and T. andersonii (A) 
were cooler on average than E. kingii (AB) and E. 
ovalifolium (B). All species exhibited cooling effects as 
compared to the substrate that surrounded them. [n 
= 297, Z = 0.26, P = 0.79] 
 

Family Species Count 
Asteraceae Ericameria suffruticosa 20 
Asteraceae Artemisia tridentata 11 
Asteraceae Erigeron clokeyi var. pinzliae 11 
Asteraceae Erigeron pygmaeus 10 
Asteraceae Erigeron compositus 3 
Asteraceae Hymenoxys cooperi 1 
Brassicaceae Physaria kingii 9 
Caryophyllaceae Eremongone kingii 19 
Fabaceae Astragalus calycosus 19 
Fabaceae Lupinus breweri 3 
Fabaceae Astragalus lentiginosus var. semotus 2 
Fabaceae Trifolium andersonii 1 
Juncaceae Juncus balticus ssp. ater 5 

Lamiaceae Mondarella odoratissima 1 
Orobanchaceae Castilleja nana 4 
Poaceae Poa glauca 479 
Polemoniaceae Linanthus pungens 30 
Polemoniaceae Phlox condensata 12 
Polygonaceae Eriogonum ovalifolium 45 
Polygonaceae Eriogonum umbellatum var. dichrocephalum 24 
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Figure 4: Difference in species association across soil 
type. Cushion plants growing on dolomitic soils had 
fewer species growing within them than those found 
on granite.[Z = 2.06, P = 0.044] 
 

 
Figure 5: Difference in size of Eremogone kingii 
across soil type. E. kingii was smaller on average, and 
had a stunted maximum size, on dolomitic as 
compared to granitic substrates.  [n = 80, t = 2.02, P = 
0.047] 
 
DISCUSSION 

Our prediction that cushion plants on the 
north side would host the most species and 
individuals was not supported by our results. 
Instead, we found that climactic variations 
relating to north and south exposures had no 
effect on the number of individuals per 
cushion. Aspect had no influence on the 
number of individuals and species being 

hosted by cushion plants; this could 
potentially be explained by the fact that the 
variation in stressors associated with aspect 
pale in comparison to the overall stress of 
low soil moisture and nutrient content in the 
White Mountains (Li et al. 2011). 
Additionally, while increased solar stress 
may be linked to southern slopes in the 
northern hemisphere, the predominant 
annual wind direction in the White 
Mountains is northerly (Hall, 1991; Western 
Regional Climate Center, 2021), meaning 
that the northern aspects we surveyed may 
also be subject to wind-related stress 
(Onoda, 2011; Fitzgerald and Kirkpatrick, 
2017), thereby counteracting solar stress. 

Our findings did not support our original 
prediction that the more stressful dolomitic 
soil would support more species and 
individuals. This trend may be explained by 
the fact that there were more individuals 
and species of plants present on granite than 
dolomite, which could potentially be 
confirmed with a study that compares the 
percent cover of other plants on cushions to 
the percent cover of plants away from 
cushions. In addition, the favorable 
microhabitats created by cushion plants, 
alone may not be enough to overcome the 
harsh dolomitic soil that may impose 
restrictions on plant growth and 
establishment (Molina-Venegas et al. 2018), 
as evidenced by a lower maximum patch size 
of E. kingii on dolomitic soil versus on 
granitic soil. 

 Nitrogen fixing cushion plants hosted 
more species and individuals than non-
nitrogen fixing cushion plants, thus 
supporting our hypothesis. Our finding 
provides evidence that nitrogen-fixing 
cushion plants facilitate higher species 
diversity, which is consistent with other 
studies that demonstrate that higher 
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concentrations of nitrogen in the soil can 
lead to high species richness (Perroni-
Ventura et al. 2006). The tendency for 
nitrogen fixing cushion plants to support 
more species can also be explained by the 
mitigating effect that cushion plants have on 
temperature; specifically, we found that L. 
breweri and T. andersonii, had the greatest 
temperature mediating effect when 
compared to the two non-nitrogen-fixing 
species. Possible explanations could include 
a difference in leaf morphology between the 
nitrogen and non-nitrogen fixing cushion 
plants, as the two species in our study were 
taxonomically linked within Fabaceae. 
(Hegazy and El Amry 1998). 

In summary, certain species of cushion 
plants, such as L. breweri and T. andersonii, 
promote soil nutrition by fixing nitrogen and 
mediate temperatures better than other 
species, creating more suitable 
microhabitats for plant growth. When in 
more stressful conditions such as alpine and 
sub-alpine habitats, these refugia may lead 
to increased facilitation and the support of 
more species and individuals. Alpine forbs 
and grasses may be using the nitrogen being 
fixed by cushion plants to supplement the 
lack of macronutrients required by plants. 
Nitrogen, Phosphorus and Potassium are 
responsible for the major physiological 
processes involved in plant growth and 
development, which may be lacking from 
dolomite soils (Kulcheski et al., 2015). In a 
literature review assembled by Mota et al. 
(2021), it was noted that dolomite soils are 
dominated by calcium and magnesium as 
well as having a higher pH and lower 
amounts of iron, phosphorus and potassium. 
A potential future study that examines the 
facilitative effects of soil supplementation 
via nitrogen fixing cushion plants in alpine 
dolomitic mountains and would contribute 

evidence to this possible mechanism 
explaining facilitative effects in harsh 
environments.  

Alpine regions have been experiencing 
rapid rates of climatic warming over the past 
four decades (IPCC, 2013). As a result, plants 
are migrating upwards in response to 
increasing levels of thermal stress (Cannone 
et al., 2007; Lenoir et al., 2008; Pauli et al., 
2012). In the absence of cushion plants, the 
migration of these plants may be impeded, 
or they may potentially face extinction 
(Anthelme et al. 2014). The presence of 
facilitation may, therefore, be crucial in 
aiding the successional period of migrating 
plants (Connell & Slatyer 1977; Anthelme et 
al. 2014); as climate change creates more 
inhospitable habitats for plants, they may 
become more reliant on facilitation as 
dictated by the stress gradient hypothesis. 
Despite their small stature, cushion plants 
thus provide a significant refuge for plants 
under these increasingly stressful 
conditions, and their conservation may have 
outsized impacts on the structural integrity 
of the communities in which they are found. 
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