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an environmental gradient (Bertness and Callaway 
1994; see Maestre et al. 2009; Soliveres et al. 2014; 
Schöb et al. 2014; inter alia). Facilitation and 
competition operate simultaneously, and their 
relative balance can be affected by multiple 
environmental variables, including but not limited 
to shading (Schweiger et al. 2015), protection from 
wind (le Roux and McGeoch 2008), and nutrient 
availability (Chen et al. 2015).   

Butterfield and Callaway (2013), in examining 
functional traits to address mechanisms, suggested 
that leaf area could play a significant role in both 
facilitative responses and effects.  But total leaf 
area is only one aspect of the above-ground 
structure that could be facilitative, especially with 
regard to wind, which they did not mention 
(although Callaway (2007) devoted a section to it). 
Brathen and Lortie (2016) have demonstrated a 
facilitative effect of the height of benefactor plants 
that persists across a stress gradient. However, 
most of the work on the SGH is not mechanistic 
with regard to how individuals affect the 
environment and each other (Michalet and 
Pugnaire 2016).  

Here, we suggest that a gradient of neighbor 
relative sizes can capture one mechanism by which 
interactions change along a stress gradient. The 
effects of an individual plant on its neighborhood 
might shift from facilitative to competitive as its 
size increases. Specifically, we define ‘size’ here as 
above-ground biomass or correlates thereof (which 
includes Butterfield and Callaway’s (2013) 
identification of leaf area as a facilitating functional 
trait and Brathen and Lortie’s (2016) use of shrub 
height). At this point we focus on above-ground 
size, and below-ground interactions may differ 
even in the same plants (Sthultz 2007). Our 
objective is to examine whether a switch in 
interaction (e.g. from competitive to facilitative) 
resulting from a change in the relative size of 
individual plants produces the population metrics 
and spatial patterns seen for a stress gradient 
switch in model comparisons. We include a 
feedback mechanism through growth. Others have 
addressed size as a factor in a SGH analysis, but 
emphasized community biomass or the ontogenetic 
stage of the beneficiary of facilitation (Xiao et al. 
2009; le Roux et al. 2013). Plant size, of course, 
may depend on the environment, the identification 
of stress gradient interactions may follow 

observation of size differences, and size is the 
obvious factor in some studies of the SGH. 
However, a focus on relative size provides a more 
mechanistic hypothesis in which a physiological 
process – growth – is at the center of feedback with 
plant – plant interactions and may be independent 
of stress.  More generally, relative size is a known 
factor in plant interactions (e.g., Miriti 2006; Xiao 
et al. 2006; Luo and Chen 2011).  

We propose that as relative plant size 
theoretically increases from zero, facilitation will 
increase to some intermediate point; beyond this 
size, the competitive processes begin to cancel out 
the benefits (Schwinning and Weiner 1998) so that 
interaction becomes negative (Figure 1). At this 
point we focus on above-ground size and our 
reasoning is based on general observations at 
alpine treelines. Alpine treelines seem to be a 
useful model for examining a size gradient 
hypothesis because they are a clear stress gradient 
ecotone over which size changes significantly and 
positive feedback (i.e., self-facilitation) is 
recognized as a common process (Wilson and 
Agnew 1992; Malanson et al. 2011). From our work 
and that of others at alpine treeline, we suggest 
that as plants grow they increasingly reduce wind 
and evapotranspirative stress, capture snow that 
becomes late-summer soil moisture in an otherwise 
dry environment, increase the accumulation of fine 
sediment and organic matter in the soil, and reduce 
the impact of UV radiation and of night sky 
exposure and cold temperature photoinhibition 
(Germino and Smith 1999; Resler et al. 2005; 

 
Figure 1 The proposed size model.  The relative size of 
neighbors is the sum of the size of up to eight neighbors 
divided by the size of the focal individual.  The feedback 
intensity is used as a multiplier for growth and in Monte 
Carlo simulation of recruitment and mortality. If the 
focal individual is larger than the neighbors, the relative 
size is <1 with minimal effect. 
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Holtmeier and Broll 2010; Malanson et al. 2011).  
All of these effects facilitate the recruitment and 
growth of other individuals. At some point, 
however, larger neighbors may increase snow to 
the point where the growing season is shorter 
(Ettinger et al. 2011), the shade cast by a tree is 
competition for light, larger canopies can have 
lower leaf temperatures than nearby tundra 
(Körner 2016), and perhaps more importantly, 
shade maintains colder soil temperatures under the 
canopy than are found in nearby tundra, which is 
the primary limiting factor for treelines at global 
scale (Körner 1998). These indirect effects on the 
neighborhood depend on the relative sizes of the 
plants; similar processes may operate in other 
environments (cf. Wang et al. 2015).  

Although spatially explicit models of 
facilitation have addressed the size of the 
neighborhood per se (Jia et al. 2011; Lin et al. 
2012), individual size has been incorporated by 
(Buenau et al. 2012), and Weiner et al. (2001) 
linked the two. Bittebiere et al. (2012) illustrated 
the complexity of modeling plant-plant interactions, 
and concluded that simple models could be 
appropriately realistic.  The model we develop is 
meant to be as simple as possible, thus several 
caveats are needed:   

• what is important about “size” and at what 
relative sizes would a change between interactions 
occur will vary among systems (and absolute rather 
than relative size may matter); here, we present a 
conceptual level model with arbitrary parameters;  

• size does not add fully mechanistic 
processes to the stress gradient hypothesis, and the 
specific interaction (whether above- or 
belowground and how it affects growth, for 
example in carbon balance versus carbon allocation) 
will vary among systems. 

Further assessment of the importance of size 
could be addressed with current empirical data, but 
we leave that to those who developed those field 
data. 

We expect that the projections of a size 
gradient model will be similar to those of a stress 
gradient model except with respect to spatial 
patterns; spatial relations will differ in that 
immediate neighbors should differ more in 
comparative size in the size gradient model because 
the hypothesis leads to divergence with small 
plants facilitating larger ones that in turn 

competitively suppress them (e.g., McAuliffe 1984, 
for saguaro cacti; Jia et al. 2011, in simulations; 
Nakagawa et al. 2015, fir-based simulations). 
Further, spatial pattern differs because the 
feedbacks from size are indirectly linked to position 
on the gradient. 

1    Methods 

We developed a spatially explicit agent based 
model using NetLogo (Wilensky 1999) to examine 
whether a switch in interaction (i.e., between 
facilitative and competitive) based on the relative 
size of individual plants can produce the patterns 
seen at an alpine treeline in comparison to a switch 
based on the stress gradient. This type of model is 
able to include neighbor interactions and produce 
visual output for interpretation.  We created a grid 
of 1000 × 50 cells; the grid is wrapped as a cylinder 
to eliminate edge effects.  The grid has a linear 
environmental gradient, Ey, 1-0 across the rows, y. 
We model the dynamics of a single species. Each 
cell of the grid can be occupied by one individual, 
and to initialize model runs all cells can be 
occupied by an individual j with a probability 
proportional to Ey and with random variation 
between 0.5 and 100 for its age and size. This is an 
abstract model meant to explore the relative size 
concept and is not tied to a specific place or species.  
The parameters are chosen to reduce dimensions, 
in which individuals have unit growth and unit 
reproduction, balanced by mortality, per iteration, 
all else being equal. 

Interaction intensity is examined in three 
treatments:  none; the SGH based on the number 
of neighbors and the environmental gradient; and 
based on relative size. The stress gradient version is 
computed as a logarithmic increase with the 
number of neighbors: multiplied by a gradient 
from 0.5 to 2 across the length of the grid: 

d = number of neighbors 
Istress =0.26 + 0.333 ln d×(2 – 1.5Ey) 
No feedback occurs if d = 0. The size-mediated 

version is  
d = Sn / Sf  
Isize|d<33.333 = 1 + 0.0333d 
Isize|d>33.333 = 2.75 - 0.0225d 

where Sn is the sum of the sizes of the eight 
neighbors and Sf is the size of the focal individual; 
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for empty cells the intensity for recruitment is 
calculated with Sf = 1 interaction intensities less 
than 0.5 or greater than 2 are reset to these limits 
(Figure 1). Ey of each cell is multiplied by the 
interaction intensities Istress or Isize for each cell at 
each iteration. Istress or Isize become Ij for each 
individual j in the simulations.  

The parameter values for the stress 
relationship are from the logarithmic increase in 
facilitation with number of neighbors modified by 
the stress gradient used by Malanson and Resler 
(2015); which is the logically conservative choice of 
greater interaction intensity with the first 
neighbors than with additional ones. The 
parameter values for the size function are 
arbitrarily set as multipliers with limits to double 
or halve the effects of the environment; the sum of 
neighbor sizes at which the effects begin to reverse 
(the point-of-reversal at 33.333 is the peal in 
Figure 1) is an arbitrary number but set so that it is 
about ½ of the mean sizes and 1/3 of the maximum 
sizes seen in the simulations (with size increments 
being in units of 1/iteration). We examine the 
sensitivity of this parameter by using the point of 
reversal at 16.666 and 50 and adjusting the slopes 
accordingly. The dynamics of the population are 
simulated over 500 iterations of recruitment, 
growth, and death as Monte Carlo processes: 

Recruitment only occurs on empty cells, with 
probability a function of the size of the entire 
population, the environment of the row, and the 
effect of neighbors 

P(Rj) = rN×(Ey Ij) 
where N is ½ the current population and r is 
0.00002, so that the maximum population, with all 
cells occupied, would have a rN = 0.5;  The rate for 
recruitment and, below, for mortality, is set at half 
of the value of the environment (including 
interaction) based on the logic that recruitment 
and mortality are relatively rare, and these balance 
each other. 

We compute the increase in size proportional 
to environment times intensity: 

ΔSf = Ey Ij - 0.002Sf Ey Ij 
so that the smallest individual on a site of perfect 
environment would increase by ~ 1 unit of mass. 

Mortality is simulated as  
P(Mj) = 0.1Ey Ij 

The metrics of analysis here are the total 
population; the mean biomass of the individuals; 

the number of edges as an indicator of spatial 
pattern; the sum of the interaction intensity across 
the grid (here Ij – 1 for all cells), labeled the Force; 
and the size of each individual relative to the size of 
its neighbors, as an indicator of spatial relations; 
all averaged over 30 replications.  Standard 
deviations are computed to illustrate model run 
consistency, recognizing White et al.’s (2014) 
argument against statistical tests applied to 
simulation results. 

2    Results 

Changing the relative size-at-reversal 
parameter by 50% results in changes in 
populations and mean sizes less than 10% in 
sensitivity tests (Table 1). Given that the other 
parameters in the model aim toward 
nondimensionalization, for the purpose of 
introducing this conceptual model we do not 
present further analysis of the parameter space.  
Major parameters equilibrate long before 500 
iterations with the exception of size, which 
increases approximately linearly through this 
period (Figure 2); nonequilibrium size is 
acceptable for our purposes because the change is 
the same among all trials. 

The three simulated treatments or interaction 
hypotheses (none, stress, and size) produce small 
differences in the metrics examined (Table 2). The 
populations are approximately 1.3% lower with the 
size gradient than with the stress gradient, though 
the mean size of individuals for the size gradient is 
25% greater than that of the stress gradient.  This 
difference exists because the stress gradient 
maintains more individuals than does the size 
gradient in the high stress environment but they 
grow slowly. The Force (sum of interaction 
intensity across the grid) is increased 6% for the 

Table 1 Differences in simulation outcomes for 30 
replicate runs with the relative size-at-reversal (the 
peak difference in sizes, when the facilitation doubles 
the environmental value; see Figure 1) set at small 
(16.67) medium (33.33) and high (50) points on the 
relative size gradient, all for the size gradient model. 

Population Mean Size
Small 27771±86 245.6±0.46
Medium 30269±76 246.7±0.68
Large 31530±75 248.6±0.97
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size gradient relative to the stress gradient.  The 
size gradient becomes negative for individuals, only 
for high asymmetry between large and small 
individuals, and thus overall positive interactions 
are the net result.  A difference in spatial pattern is 
apparent between the two interactions, with the 
number of edges 5.7 times higher in the size 
gradient.  The local variation in sizes is the greatest 
difference between the stress and size models, with 
the size model resulting in greater (5.6 times) local 
contrasts.  This difference can also be seen visually; 
Figure 3 shows that while most neighborhoods are 
similar, the size gradient model (C) has a number 
of small individuals with very large neighbors that 
do not occur in the other models, and the linear 
features indicate more structured spatial relations. 

Visual examination of the three treatment 
scenarios (Figure 4a-c) reveals both similarities 

and differences in model output. In all three 
models a somewhat abrupt transition from 
occupied to unoccupied cells occurs. Without 
interaction (Figure 4a), the transition is lower than 
on the stress gradient (i.e., lower stress, higher 
habitat quality), at the point where initial habitat 
quality is 0.498 (row 502). In the stress gradient 
model (Figure 4b), the transition is higher on the 
gradient, where the initial habitat quality is 0.358 
(row 642; at higher stress, as with higher elevation 
at a treeline ecotone). The size gradient model 
transitions where the initial habitat quality is 0.429 
(row 570), between the other two on the gradient 
since the lack of positive interactions restricts 
presence in the higher stress environment (as 
apparent in the no interactions model), whereas 
the stress gradient model facilitation covaries 
positively with stress and so presence can advance 
along the gradient.   

Furthermore, spatial patterns differ in 

 
Figure 2 The dynamics of the system are shown for the 
population and mean size of the individuals.  Mean size 
does not equilibrate until 3000 iterations, but the 
transient dynamics are the same for all scenarios. 
 
Table 2 Mean (± standard deviation) values of the 
metrics recorded at the end of 500 iterations of the 
simulations models for the cases with no feedback, the 
size gradient model, and the relative size gradient 
model. 

 None Stress Size
Population 30810±49 34036±50 30269±76
Mean Size 225±.36 225±.30 247±.68
Force NA -1804±52 4270±63
Edges 6054±82 1340±69 12929±156
Neighborhood 7.99±.05 8.60±.01 20.48±.38

 

 

 
Figure 3 The average size of neighbors plotted against 
the average size of each individual at the end of a 
simulation run for A) no feedback, B) stress gradient 
and C) size gradient models. 
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abruptness among the three models. Without 
interaction (Figure 4a) the transition is less abrupt, 
with the occupancy of cells per row gradually 
declining along the gradient beyond the last row of 
complete occupancy. The transition is most abrupt 
for the stress gradient model (Figure 4b), with few 
individuals in scattered patches beyond the last 
complete row. The size gradient model (Figure 3c) 
has three notable features of pattern.  First, there is 
a long gradual transition of scattered unoccupied 
cells from low on the stress gradient that do not 
simply coalesce into emptiness; second, there is a 
sharp but irregular line of empty cells across the 
grid at the center of the zone of transition that 
represents the last fairly contiguous band of larger 
trees across the grid; and third, a zone of distinct 
patches of variable size exists before occupancy 
gradually thins out at higher stress. 

3    Discussion 

When the interaction of individuals is affected 
by the environment indirectly, through the size of 
their neighbors, model results are similar to those 
where the effects change directly with a stress 
gradient for populations and mean sizes, but differ 
in aspects of spatial pattern and relations. The 
spatial patterns in Figure 4 are superficially similar, 
but the metrics of the number of edges and the 

relative sizes of neighbors differ. Greater spatial 
variability is created by the size gradient model.  
The reasons for the similarity in populations but 
differences in spatial patterns and relations are the 
result of the feedbacks in the models.  The stress 
model creates a feedback in the size of populations 
by increasing the habitat quality in the area of high 
stress – in fact multiplied by stress – when an 
individual recruits there. The feedback persists 
regardless of size. Thus the ecotone in the stress 
model is farther along the stress gradient and is 
relatively abrupt. While the size model also 
maintains the population in moderate stress levels, 
because individuals of different size can suppress 
neighbors more edges exist, and because neighbors 
can have opposite feedbacks effects on each other 
more local variance in size exists. 

All of the patterns seen in Figure 4 could 
approximate some of the alpine treeline ecotones of 
the western USA, which are quite variable.  Most 
have relatively abrupt boundaries, however, which 
is the basis for building on the positive feedback 
switch proposed by Wilson and Agnew (1992). The 
stress gradient model produces abrupt boundaries, 
and appears to be more realistic in that regard than 
the no-interaction model. However, the size 
gradient model replicates some features of alpine 
treeline ecotones not seen in the stress gradient 
model. For example, in many cases upright trees 
end abruptly and patches of dwarf trees and/or 
krummholz are scattered in a zone above this 
possible ‘timberline’ in contrast to a smooth and 
gradual transition of larger to smaller to dwarf to 
krummholz growth forms with a continuous 
canopy (Holtmeier 2009); this pattern has been 
attributed to a combination of abiotic 
heterogeneity and positive feedback in biotic 
interactions (e.g., Malanson et al. 2002; Butler et al. 
2004; Malanson et al. 2011; Smith-McKenna et al. 
2014; Bourgeron et al. 2015; Pyatt et al. 2016). The 
empty line across the grid separating the zone of 
larger trees (with empty space as also seen in 
montane forest) may not be as visually striking on 
mountainsides as it appears in Figure 4c, but 
something similar does exist.  We do not model 
tundra here, nor the intermediate sized and 
sometimes prostrate shrub forms, such as willows, 
sometimes associated with treeline ecotones.   

A size-mediated effects model still represents 
an initial step toward adding more mechanistic 

 
Figure 4 The pattern at the end of the simulation for 
the cases with A) no feedback, B) the stress gradient, 
and C) the size gradient modes. 
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explanation to the stress gradient hypothesis.  
Cairns (2005) already took such a step by assessing 
size and canopy structure for alpine treeline 
krummholz and dwarf trees using a version of the 
physiologically based –BGC model group.  In that 
model, dwarf trees had higher carbon balance 
output than krummholz for typical leaf area indices, 
but within-canopy variation in thermal regime did 
not make a difference for either canopy type.   

The size gradient model introduces a specific 
feedback mechanism that allows a change from 
facilitation to competition as the relative sizes of 
the plants diverge. For the response of alpine 
treelines, Korner (2016) recently emphasized the 
role of size on feedbacks, but did not specify a 
gradient. Our model introduces a single functional 
trait, but from a different perspective than most of 
the functional traits commonly discussed for plant 
species. Most work on functional traits is about the 
traits as indicators of the functions within 
individuals (e.g., Butterfield and Callaway 2013). 
Our perspective is on the function of altering the 
abiotic environment of a neighborhood (cf. Smith 
et al. 2003); some commonly used traits, such as 
canopy height, will have either type of function for 
alpine treelines, but differentiating the two will be 
important in assessing their role in plant 
community response to climate change (cf. 
Heikkinen et al. 2006). 

4    Conclusion 

A size gradient is one possible process of the 
stress gradient hypothesis (and it ignores some  
 

details, such as reciprocal costs, sensu Schöb et al. 
2014, or the breakdown of facilitation at extreme 
stress, as in Michalet et al. 2014). Although size 
responds to stress, and as modeled here size 
differences are a phenomenon of the SGH, it could 
also act without a stress gradient (and could, for 
example, be a process of succession). A 
consideration of a size gradient hypothesis will lead 
to new empirical work to define the inflection point 
at which relative sizes change the direction of the 
interaction. The role of size could also be a way in 
which the change from facilitation to competition 
with increasing stress is a change in the identity of 
species that are always facilitators or always 
competitors (as in one variation examined by 
Malanson, 2015) if this function is based on size 
alone. We advance this project with caution 
because the mediation of the SGH, essentially an 
abiotic pathway of plant-plant interactions, could 
be confounded with direct biotic interactions and 
we temporarily ignore ontogenetic state (cf. Miriti 
2006). However, while we developed our model 
based on experience at alpine treeline, a relative 
size gradient could mediate the SGH in other 
environments. 
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