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Abstract 23 

Aims 24 

Carbon and nutrient physiology of trees at their upper limits have been extensively 25 

studied, but those of shrubs at their upper limits have received much less attentions. 26 

The aim of this study is to examine the general patterns of non-structural 27 

carbohydrates (NSCs), nitrogen (N) and phosphorous (P) in shrubs at the upper limits, 28 

and to assess whether such patterns are similar to those in trees at the upper limits. 29 

Methods 30 

Across Eurasia, we measured the concentrations of soluble sugars, starch, total NSCs, 31 

N and P in leaves, branches and fine roots (< 0.5 cm in diameter) of five shrub species 32 

growing at both the upper limits and lower elevations in both summer (peak growing 33 

season) and winter (dormancy season).  34 

Important Findings 35 

Neither elevation nor season had significant effects on tissue N and P concentrations, 36 

except for lower P concentrations in fine roots in winter than in summer. Total NSCs 37 

and soluble sugars in branches were significantly higher in winter than in summer. 38 

There were significant interactive effects between elevation and season for total 39 

NSCs, starch, soluble sugars and the ratio of soluble sugar to starch in fine roots, 40 

showing lower soluble sugars and starch in fine roots at the upper limits than at the 41 

lower elevations in winter but not in summer. These results suggest that the carbon 42 

physiology of roots in winter may play an important role in determining the upward 43 

distribution of shrubs, like that in the alpine tree-line trees.  44 

 45 

Keywords: non-structural carbohydrates, soluble sugars, starch, nutrient, shrub-line  46 

 47 
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INTRODUCTION 48 

In alpine ecosystems, the distribution of tree species is confined by an upper elevation 49 

limit, i.e. a tree-line (Körner 1998). Beyond this tree-line, there commonly also exists 50 

a shrub-line consisting of low-stature shrubs or semi-shrubs (Dial et al. 2016; Myers-51 

Smith et al. 2018). The dominance of shrubs above the alpine tree-line implies higher 52 

tolerance of shrubs than trees to cold environments. Several physiological 53 

mechanisms in relation to carbon (C) and nutrients are proposed to explain the growth 54 

and distribution of trees at the upper limits, including C source limitation (Fajardo et 55 

al. 2017; Li et al. 2008; Stevens et al. 1991; Zhu et al. 2012), sink (or growth) 56 

limitation (Hoch et al. 2002; Körner 2003; Piper et al. 2006), and nutrient limitation 57 

(Drollinger et al. 2017), but few studies have tested those for shrub-lines. 58 

Understanding functional differences between trees and shrubs might shed new light 59 

on the physiological explanation of the distribution of woody plants at the upper 60 

limits (Körner 2012). Thus, to precisely project future vegetation changes in alpine 61 

ecosystems under global climate change, it is important to also understand the C and 62 

nutrient mechanisms associated with the growth and distribution of shrubs at alpine 63 

shrub-lines. 64 

 Plant survival and growth depend on not only the capacity of carbohydrate 65 

production, but also the efficiency of carbohydrate accumulation and remobilization 66 

(Simard et al. 2013). Non-structural carbohydrates (NSCs), including soluble sugars 67 

and starch, can accumulate in plant tissues and organs which can be used for growth 68 

and/or defense (Millard et al. 2010). For instance, NSCs can act as a buffer for 69 

insufficient source activity during periods of high C demands, such as in 70 

environments with a seasonally fluctuating climate or a short growing season 71 

(Hartmann et al. 2016; Hoch et al. 2003; Wurth et al. 2005). In addition, soluble 72 
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sugars can help adjust osmotic potential to buffer environmental stress (Charrier et al. 73 

2013; Woodruff et al. 2011). To find out the physiological mechanisms of tree-line 74 

formation and understand the responses and dynamics of the alpine tree-line to global 75 

climate change, Körner and his colleagues (e.g. Hoch and Körner 2003; Körner 1999; 76 

Li et al. 2001, 2002) investigated the relationship between the production, supply, 77 

storage and use of carbohydrates in tree-line trees. So far, NSCs have been widely 78 

used as an indicator for assessing the growth potential of plants (Fajardo and Piper 79 

2017; Guillemot et al. 2015; Li et al. 2013; Muller et al. 2011; Palacio et al. 2014). 80 

Many studies have reported no change or even an increase in NSCs in leaves, 81 

branches, stem sapwoods or roots of tree-line trees with increasing elevation during 82 

the growing season (Dang et al. 2015; Hoch and Körner 2003; Hoch et al. 2002; Shi 83 

et al. 2008; Yu et al. 2014). Thus, a growth limitation is proposed because cell 84 

expansion (and thus growth) ceases but the production of carbohydrates are still 85 

sufficient at high elevations where temperature is low (Fajardo et al. 2014; Hoch et al. 86 

2012). By contrast, others proposed that NSCs of tree-line trees are lower at tree-lines 87 

than at lower elevations (Fajardo and Piper 2017; Li et al. 2008), suggesting that 88 

carbohydrates are insufficient to compensate for respiratory losses and thus the 89 

growth of tree-line trees is limited by insufficient supply of mobile carbohydrates (i.e. 90 

the C-source limitation hypothesis) (Stevens and Fox 1991). However, most of these 91 

studies focused on the dynamics of NSCs during the growing season, but not for the 92 

dormant season (i.e. winter) (e.g. Fajardo and Piper 2017; Li et al. 2008). Our 93 

previous study testing multiple tree-lines across seasons and continents showed that 94 

not aboveground tissues but roots of the alpine tree-line trees suffered from a 95 

significant shortage of NSCs over winter (i.e., not during the growing season), 96 

suggesting a winter roots’ carbon limitation in trees at the upper limits (Li et al. 97 
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2018). According to Körner et al. (2004), the global high altitude climatic tree-lines 98 

are associated with a seasonal mean ground temperature of 6.7°C (± 0.8, SD). Shrub-99 

lines are usually found hundred meters above the tree-line elevations, and thus shrubs 100 

at the shrub-lines expose to even lower temperature than tree-line trees (Li et al. 101 

2016). Whether the low temperature-induced pattern of NSCs found in alpine tree-line 102 

trees exists also in shrubs at their upper limits has not been sufficiently investigated, 103 

particularly across species and regions.  104 

 Nutrients are also closely associated with tree-line formation (Drollinger et al. 105 

2017; Sullivan 2016). For example, nitrogen (N) and phosphorous (P) are major 106 

components of Rubisco and rRNA, and play important roles in regulating plant 107 

growth (Chapin et al. 1990). Reduced soil nutrient availability with elevation could 108 

limit tree growth at tree-lines and thus is responsible for tree-line formation (McNown 109 

et al. 2013; Sullivan et al. 2015; Thébault et al. 2014). Nutrient availability in soils 110 

and nutrient concentrations in trees can also change asynchronically with elevation 111 

(Fajardo and Piper 2017; Wang A et al. 2018). However, many studies reported no 112 

change or an increase in N and P concentrations in trees at tree-lines compared to 113 

those at lower elevations (Li et al. 2013; Yan et al. 2013). Recently, a large-scale 114 

investigation covering four disparate climates and soils revealed that there was C-115 

limitation but no N and P limitation in the alpine tree-line tree of Nothofagus pumilio 116 

in mid-summer (Fajardo and Piper 2017). Moreover, the end-season N and P storage, 117 

like C-storage in winter roots (Li et al. 2018), will greatly influence survival and early 118 

spring regrowth of trees, especially the annual growth of many woody plants relies 119 

heavily on the internal cycling of N in different organs (Millard and Grelet 2010). 120 

Therefore, it is also necessary to investigate the N and P status in shrubs at their upper 121 

limits not only during the growing season but also throughout the winter season.  122 
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 While some studies have investigated patterns of NSCs in shrubs at their upper 123 

limits, these studies dealt with single shrub species on specific mountains and also 124 

took samples only in summer and thus were likely to obtain only a specific pattern 125 

(Casolou et al. 2020; Wang QW et al. 2018). To obtain a general pattern, we collected 126 

samples and measured the concentrations of NSCs (soluble sugars and starch), N and 127 

P in leaves, branches and fine roots of five shrub species at both their upper limits and 128 

their corresponding lower elevations for both summer and winter on various 129 

mountains across Eurasia. We examined whether the NSCs and nutrient status of 130 

shrubs at their upper limits depend on seasons and tissue types. We aim to test our 131 

hypothesis that the elevational patterns of tissue NSCs, N and P in shrubs at their 132 

upper limits, compared to lower elevations, are similar to those found in trees 133 

(Fajardo and Piper 2017, Li et al. 2018), since the former can tolerate more harsh 134 

growth conditions and thus can survive at much higher elevations than the latter. Our 135 

findings will contribute to further pointing out the common physiological mechanisms 136 

underlying the formation of the upper limits of plants, at least for woody plants.  137 

  138 

MATERIALS AND METHODS 139 

Site description and sample collection 140 

We investigated five alpine shrub-lines in Chinese mountains and the Swiss Alps 141 

(Table 1). The species forming the five shrub-lines are four broad-leaved shrubs and 142 

one coniferous shrub. Of the five shrub-line species, three are deciduous and two are 143 

evergreen. The shrub-lines ranged from dry-temperate continental climate (Qilian 144 

Mts) and wet-continental climate (Changbai Mts), to humid (the Swiss Alps) and sub-145 

tropical climate (Balang Mts) (Table 1).  146 

 Samples of each species were taken at both their upper limits and the 147 
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corresponding lower elevations (Table 1). Leaf samples were collected only in 148 

summer as three of the five shrub species studied are deciduous (Table 1), and 149 

branches and fine roots (< 0.5 cm in diameter) were sampled in both summer and 150 

winter. We collected leaves, branches and fine roots from about ten individuals and 151 

then pooled them to get a composite sample of each tissue type for each sampling date 152 

at each elevation, and the replicates were 6 (n = 6) for Qilian Mts and Changbai Mts, 153 

and 3 (n = 3) for the Swiss Alps. Mean height of each species at each elevation was 154 

measured in summer. To minimize the difference in phenology of shrubs at their 155 

corresponding upper limits and lower elevations at one site, the ‘summer’ sampling 156 

occurred during the warmest period (July-August) and the ‘winter’ sampling was 157 

carried out after the lower elevation was covered by snow. Samples of each tissue 158 

type from each plant were ground into fine powder after being oven-dried at 65 °C for 159 

48 h. 160 

 161 

Measurement of tissue NSCs and elements 162 

For each sample, 0.1 g powder was put into a 10 ml centrifuge tube, and 5 ml of 80% 163 

ethanol were added. The mixture was incubated at 80 °C in a water bath-shaker for 30 164 

min, and then centrifuged at 3500 rpm for 10 min. The pellets were extracted two 165 

more times with 80% ethanol. Supernatants were retained, combined and stored at 166 

4 °C to determine the concentration of soluble sugars (Li et al. 2008). 167 

 The ethanol-insoluble pellet was used for starch extraction. Ethanol was removed 168 

by evaporation. Starch in the residue was released in 2 ml distilled water for 15 min in 169 

a boiling water-bath. After being cooled to room temperature, 2 ml of 9.2 M HCLO4 170 

was added. Starch was hydrolyzed for 15 min. Then 4 ml distilled water was added to 171 

the samples, which were then centrifuged at 4000 rpm for 10 min. The pellets were 172 
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extracted one more time with 2 ml of 4.6 M HClO4. Supernatants were retained, 173 

combined and filled to 25 ml to determine starch. The soluble sugar and starch 174 

concentrations were measured spectrophotometrically (ultraviolet-visible 175 

spectrophotometer 752 S, Cany Precision Instruments Co., Ltd, Shanghai, China) at 176 

620 nm using the anthrone method, and the starch was calculated by multiplying the 177 

glucose concentrations by a conversion factor of 0.9 (Li et al. 2008). 178 

 The concentration of N was measured by a C/N analyzer (vario MICRO cube, 179 

Elementar, Hanau, Germany). To measure P concentrations, 0.2 g plant samples were 180 

digested with a mixture of acids of nitric acid and perchloric acid (5:1) digestion and 181 

was then determined by the ammonium molybdate method (Kuo 1996). We calculated 182 

the ratio of soluble sugars to starch, which reflects the growth strategies of woody 183 

plants to environmental stress (Li et al. 2008). 184 

 185 

Data analysis 186 

Before analyses, normality of the data distribution was checked by Kolmogorov-187 

Smirnov test. Data of starch and sugar:starch in branches and data of soluble sugars 188 

and starch in fine roots that did not meet the assumption were transformed to square 189 

root. We first examined the effects of elevation (upper limit vs. lower elevation), 190 

sampling season (summer vs. winter), tissue type (leaves, branches and fine roots), 191 

and their interactions on NSCs and nutrient status, using species (i.e. site) as random 192 

factor, and found that the levels of NSCs, N and P significantly varied with tissue type 193 

and sampling season. Therefore, we used linear mixed models to separately test the 194 

effects of season, elevation and their interaction on concentrations of soluble sugars, 195 

starch, sugar:starch, NSCs, N and P within each tissue type. In these models, season, 196 

elevation and season × elevation were treated as fixed effects, and species and its two-197 
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way and three-way interactions with season and/or elevation (i.e. species × season, 198 

species × elevation and species × season × elevation) were included as random 199 

effects. The statistical analysis was performed using SPSS 22.0 (SPSS, Inc., Chicago, 200 

IL, USA). 201 

 202 

RESULTS 203 

Tissue non-structural carbohydrates  204 

For leaves, elevation had no effect on the concentration of total NSCs, soluble sugars, 205 

starch or the ratio of soluble sugar to starch in summer (Fig. 1a-d). For branches and 206 

fine roots, elevation had no significant effects on NSCs and starch concentrations and 207 

the ratio of soluble sugar to starch across seasons (Fig. 1e-l), but the concentration of 208 

soluble sugars in branches were marginally higher at the upper limits than at lower 209 

elevations (Fig.1g). NSCs and soluble sugars in branches were significantly higher in 210 

winter than in summer (Fig. 1e, g). There was a significant (P < 0.05) or marginally 211 

significant (P < 0.1) interactive effect of elevation and season on NSCs, starch, 212 

soluble sugars and the ratio of soluble sugar to starch in fine roots: NSCs, starch and 213 

soluble sugars showed lower values at the upper limits than at lower elevations in 214 

winter but not in summer (Fig. 1i-k); The ratio of soluble sugar to starch showed 215 

higher values at the upper limits than at lower elevations in winter but not in summer 216 

(Fig. 1l).  217 

  218 

Tissue nutrients  219 

Elevation had no effect on the concentration of N or P in leaves in summer (Fig. 2a-220 

b). Across seasons, elevation also did not affect N or P in branches or fine roots (Fig. 221 

2c-f). The concentration of P in fine roots was significantly lower in winter than in 222 
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summer (Fig. 2f). 223 

 224 

DISCUSSION 225 

Dynamics of mobile carbohydrates of shrubs at the upper limits 226 

In the present study, there exists large fluctuation in mobile carbohydrates across 227 

seasons, showing a significant increase in soluble sugars and NSCs in branches from 228 

summer to winter (Fig. 1e, g; P < 0.05). High concentrations of osmotic adjustment 229 

substances such as soluble sugars are able to help plants maintain the osmotic 230 

pressure and avoid the formation of intra- and intercellular ice crystals under cold 231 

stress (Duca 2015). This is evidenced by correlations between mobile carbohydrates 232 

and frost hardiness in woody plants, including Juglans regia (Améglio et al. 2004; 233 

Améglio et al. 2001), Quercus robur, Q. pubescens and Q. ilex (Morin et al. 2007), 234 

Pinus contorta, P. sylvestris and Picea abies (Ogren et al. 1997). Plants may allocate 235 

more C components into storage tissues for winter defense during the growing season. 236 

Therefore, the accumulation of NSCs in storage tissues may be an active process at 237 

the expense of growth (Chapin et al. 1990), demonstrating as a conservative strategy. 238 

However, low temperature may also increase the accumulation of NSCs by reducing 239 

the metabolic processes needed for growth (Piper et al. 2006), which indicates a 240 

passive process for C accumulation. Our previous study suggested that NSCs in 241 

treeline trees appeared to be a function of both active and passive physiological 242 

process, which was determined by a combination of environmental and intrinsic 243 

mechanisms (Li et al. 2018). The findings in this study supports the idea that alpine 244 

shrubs might have the ability of self-regulation to adapt to low temperature, reflecting 245 

a protective mechanism for alpine plants suffering from cold stress, and further 246 

highlight the importance of the increasing accumulation of NSCs for plants during the 247 



11 

growing season.  248 

We found that tissue mobile carbohydrates of shrubs were not lower at the upper 249 

limits than at the lower elevations in summer (Fig. 1a-l). This result is consistent with 250 

findings of many previous studies on tree-line species (Dang et al. 2015; Fajardo et al. 251 

2011; Hoch et al. 2002; Körner 2003; Shi et al. 2008; Yu et al. 2014), suggesting that 252 

tissue carbohydrate supply was sufficient for the growth of shrubs at the upper limits 253 

during the growing seasons. However, Lower NSCs, soluble sugars and starch 254 

concentrations, as well as higher ratio of soluble sugars to starch in fine roots at the 255 

upper limits than at the lower elevations in winter (Fig. 1i-l), suggesting that root 256 

carbohydrate storage is insufficient for winter survival and re-growth early next 257 

spring of shrubs at the upper limits. This result agrees with findings of some previous 258 

studies on tree-line tree species (Dang et al. 2015; Li et al. 2008; Li et al. 2018; Wang 259 

A et al. 2018; Zhu et al. 2012). Such a seasonal fluctuation of mobile carbohydrates in 260 

fine roots indicates that shrubs may allocate less NSCs into roots before winter, and/or 261 

some starch in roots was converted into soluble sugars during winter at the upper 262 

limits, thus leading to lower levels of NSCs but higher sugar-starch ratios at the upper 263 

limits. Meanwhile, an inherent greater proportion of soluble sugars compared to 264 

starch indicates a cold acclimation and a physiological mechanism contributing to 265 

cold hardiness of plants at the upper limits. The unchanged and even marginally 266 

higher concentrations of NSCs in above-ground tissues (leaves and branches) 267 

accompanied with lower levels of them in roots at the upper limits in winter suggest 268 

that the process of end-season resource re-allocation from aboveground tissues to 269 

roots may be stopped by rapid cooling or even ‘flash freezing’ temperature (Cong et 270 

al. 2018). Consequently, plants failed to efficiently reallocate the NSCs from 271 

aboveground tissues (especially from leaves of deciduous species prior to abscission) 272 
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to belowground roots in autumn, and thus they suffer from a root carbon shortage in 273 

winter, which has recently been proposed as a carbon physiological mechanism for 274 

the alpine tree-line formation (Li et al. 2018). Our results confirmed the important 275 

role of winter root storage of NSCs in determining the upper limits of shrub species 276 

distribution. These time- and tissue-dependent results emphasize that even large space 277 

scale data covering various species and different regions also cannot reach a solid 278 

conclusion concerning the physiological mechanisms for the formation of the alpine 279 

tree-line or shrub-line if the data do not cover various tissue types across time scale.  280 

 281 

Nutrient accumulation and dynamics of shrubs at the upper limits 282 

Nitrogen and P are the most important nutrient elements for plant growth, and higher 283 

concentrations of N and P in storage tissues indicate a higher capacity of resource 284 

supply (Chapin 1980; Chapin et al. 1986). From summer to winter, P in storage 285 

tissues (branches and fine roots) tended to decrease (Fig. 2d, f) but N in storage 286 

tissues did not change (Fig. 2c, e), indicating a more abundant N than P in winter. One 287 

explanation might be that less P was re-allocated from leaves to storage tissues at the 288 

end-season compared to N, whose remobilization is strongly seasonally programmed 289 

and contributes more to spring growth than current N uptake (Millard and Grelet 290 

2010). If tissue major element concentrations of shrubs at the upper limits were lower 291 

compared to those at lower elevations, then major element limitations could at least in 292 

part influence the growth and distribution of plants at the upper limits. In addition, the 293 

uptake of N and P is supposed to be restricted at lower temperature and in shorter 294 

growing season (Liptzin et al. 2013). However, in our study, tissue N did not vary 295 

between shrubs at the upper limits and at lower elevations across seasons (Fig. 2d, g), 296 

but tissue P tended to be higher at the upper limits than at lower elevations across 297 
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seasons (Fig. 2e, h). Some studies demonstrated that tissue N or P levels were not 298 

lower at higher elevations (Fajardo and Piper 2017; Hong et al. 2014; Körner 1989; Li 299 

et al. 2013; Wang et al. 2015; Yan et al. 2012). For instance, increased tissue N 300 

concentrations of four tree species (Quercus aquifolioides, Abies faxoniana, Betula 301 

ermanii, and Larix decidua) with increasing elevation (Li et al. 2018), increased leaf 302 

N and P concentrations of a tree species (Nothofa guspumilio) with elevation in four 303 

different sites (Fajardo and Piper 2017), and increased leaf N and unchanged leaf P of 304 

the tree species located in seven tree-line ecotones (Mayor et al. 2017). One likely 305 

explanation is that the enriched tissue N and P levels of plants at the upper limits are 306 

an adaptive response to cold stress (Körner 1989; Oleksyn et al. 2002; Weih et al. 307 

2001) as higher tissue N and P levels may protect plants from damage by low 308 

temperature (Chapin 1980). Our results suggest that neither N nor P is likely to affect 309 

the upward distribution of shrubs at the shrub-lines. 310 

 311 

CONCLUSIONS 312 

Our multi-species study revealed an overall decline in root soluble sugars, starch and 313 

NSC in shrubs at their upper limits compared to lower elevations in winter, and 314 

suggests that root winter storage of NSCs plays a crucial role in regulating and 315 

determining the growth and elevational distribution of shrubs. This first investigation 316 

of tissue mobile carbohydrates and nutrients in a larger set of shrub-line species 317 

shows that the determinant of the shrub distribution at the upper limits is similar to 318 

that of the tree distribution at the upper limits (Li et al. 2018), although shrubs and 319 

trees differ in their body size (height). This result suggests that plants, at least woody 320 

plants, irrespective of their body size, physiologically respond to the alpine low 321 

temperature similarly. Shrubs with smaller plant size are better protected by near-322 
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surface temperature and thus can tolerate to and survive at higher elevation than the 323 

taller trees coupling with free atmosphere, as proposed by Li et al. (2003) and Li and 324 

Yang (2004). The time- and tissue-dependent results gained in the present study 325 

emphasize that, to arrive at a solid conclusion concerning the physiological 326 

mechanisms for the formation of the alpine tree-line and shrub-line, large space scale 327 

studies simultaneously covering both trees and shrubs, both growing and dormant 328 

season, and various tissue types are urgently needed.  329 
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Table 1 Information about the five shrub-lines in this study. 497 

Site 
Longitude 

(E) 

Latitude 

(N) 
Shrub-line species Growth form 

Elevation (m above 

sea level) 

Height 

(cm) 

Mt. Qilian, China  100°18′ 38°31′ Salix gilashanica C. Wang et P. 

Y. Fu 

deciduous, broad-

leaved 

3550 154.7±10.4 

 
  

 
 3000 141.7±17.3 

Mt. Changbai, 

China 

128°04′ 42°02′ Vaccinium uliginosum Linn. deciduous, broad-

leaved 

2380 9.5±0.8 

 
  

 
 1430 49.2±1.2 

Chandolin, 

Switzerland 
7°34′ 46°15′ 

Vaccinium myrtillus L. deciduous, broad-

leaved 
2343 40±4.5 

     2000 60±7.2 

Davos, 

Switzerland 

8°37′ 46°53′ Juniperus communis L. evergreen, 

coniferous 

2300 30.3±1.2 

 
  

 
 2000 39.6±1.9 

Davos, 

Switzerland 

8°37′ 46°53′ Rhododendron ferrugineum L. evergreen, broad-

leaved 

2300 40.1±1.3 

     2000 70.3±1.4 

  498 
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Figure 1 Concentrations of total NSCs (a, e, i), starch (b, f, j) and soluble sugars (c, g, 499 

k) and the ratio of soluble sugar to starch (d, h, l) in leaves, branches and fine roots of 500 

shrubs at the upper limits and the corresponding lower elevations in summer and 501 

winter. Circles and vertical lines stand for values of mean and SE of five shrubs. F 502 

values and significance levels (*** P < 0.001, ** P < 0.01, * P < 0.05, and † P < 0.1) of 503 

ANOVAs are given. E - elevation, S - season, and E × S - the interaction of elevation 504 

and season.  505 

  506 
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Figure 2 Concentrations of N (a, c, e) and P (b, d, f) in leaves, branches and fine roots 507 

of shrubs at the upper limits and the corresponding lower elevations in summer and 508 

winter. Circles and vertical lines stand for values of mean and SE of five shrubs. F 509 

values and significance levels (*** P < 0.001, ** P < 0.01, * P < 0.05, and † P < 0.1) of 510 

ANOVAs are given. E - elevation, S - season, and E × S - the interaction of elevation 511 

and season.  512 
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