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Summary. Alders (Alnus crispa) in shrub tundra in northern 
Alaska showed significant regularity of spacing. Removal 
of neighboring alder shrubs stimulated nutrient accumula- 
tion and growth of remaining alders but did not stimulate 
nutrient accumulation or growth of any other shrub species. 
This demonstrates that neighboring alders competed with 
one another and that, when alders were removed, the re- 
sources made available were used preferentially by remain- 
ing alders rather than by the community in general. Neither 
patterns of seedling establishment nor patterns of frost- 
related features could explain the regular distribution of 
alder. We suggest that regular patterns of plant distribution 
are restricted to sites of low-resource availability, because 
in these habitats (1) there is strong competition for a scarce 
resource, and (2) there are only one or a few dominant 
species to compete for these resources in a given canopy 
height or rooting depth. 
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In most natural communities, plants show a random or 
clumped distribution. Consequently, the few documented 
examples of regular distribution of plants have stimulated 
considerable interest (Pielou 1960). In American deserts, 
Larrea tridentata shows a distribution that becomes increas- 
ingly regular as precipitation declines (Woodell et al. 1969; 
Phillips and MacMahon 1981). Although Ebert and 
McMaster (1981) suggested that this apparent regularity 
might be a sampling artifact, the pattern appears robust 
(King and Woodell 1984) and is probably caused by compe- 
tition for water (Fonteyn and Mahall 1978, 1981). Similar 
regular spacing has been reported in other desert shrubs 
(Beals 1968; Waisel 1971; King and Woodell 1973). 

Forest ecologists have noted that tree distribution goes 
from clumped to random to regular as succession proceeds 
(Cooper 1961; Laessle 1965; Christensen 1977; Schlesinger 
and Gill 1978; Nakagoshi et al. 1983), due mainly to high 
mortality of small, suppressed individuals near large domi- 
nant trees (Christensen 1977). Thus, as in deserts, competi- 
tion is thought to be the major cause of regular plant distri- 
butions in forests. Despite frequent reference to competition 
as the cause of regular spacing, only one study (Fonteyn 
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and Mahall 1978, 1981) has demonstrated experimentally 
the existence of competition among plants that have a regu- 
lar distribution. In this study, the intensity of competition 
among regularly distributed individuals of Larrea was mi- 
nor compared to interspecific competiton. 

Regular patterns of distribution of plant communities 
have frequently been observed in tundra. However, these 
patterns reflect the presence of ice wedge polygons or other 
frost features that produce distinct microenvironments near 
their centers and edges and that are themselves regularly 
spaced due to the physics of the freeze-thaw process (Brit- 
ton 1967; Webber 1978; Walker et al. 1987). These frost 
features are thought to be the major cause of a small-scale 
pattern in tundra vegetation. 

Alder (Alnus crispa) is a dominant shrub in many areas 
of tundra south of the Brooks Range in north-central 
Alaska (Viereck and Little 1972). To our casual observa- 
tion, individual alder shrubs appeared to be regularly 
spaced (Fig. 1), a phenomenon not previously reported for 
any tundra species. We developed three alternative hypothe- 
ses to explain this apparent pattern. (1) Competition among 
established alder individuals leads to a regular spacing, (2) 
competition between seedlings and established individuals 
leads to recruitment only at a great distance from estab- 
lished individuals, or (3) a polygonal pattern concealed be- 
neath the vegetation permitted seedling establishment only 
in certain microsites (e.g., intersections of polygons). Here 
we document the regularity of that spacing in alders and 

Fig. 1. Regularly spaced alder shrubs in Alaskan shrub tundra 
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demonstrate that the pattern reflects competition among 
neighboring individuals. 

Methods  

Our major study site was an area of alder shrub tundra 
16 km south of Gobbler's Knob on the Dalton Highway 
in north-central Alaska (66~ 150~ 300 m eleva- 
tion). The community was dominated by scattered individ- 
uals of Alnus crispa with an understory of dwarf shrubs 
(Betula nana, Ledum palustre ssp. deeumbens, Vaecinium uli- 
ginosum, V. vitis-idaea, and Rubus chamaemorus), gramin- 
oids (Carex bigelowii, Eriophorum vaginatum, and Calama- 
grostis canadensis), and mosses (Sphagnum spp., Aulacom- 
nium spp.). At this site we measured the distance from 62 
random points to the nearest alder (regardless of size) and 
measured the distance from that alder to its nearest neigh- 
boring alder (Greig-Smith 1964). We then measured the 
height and diameter of both alder shrubs. From these data 
we calculated the ratio of point-plant:plant-plant distances 
to determine whether shrubs exhibited a clumped (ratio 
> 0.88), random (ratio = 0.88), or regular (ratio < 0.88) dis- 
tribution (Batcheler 1971). Since there are distributional 
problems associated with statistical analysis of ratios, we 
tested the significance of pattern on arcsine transformed 
proportions ((plant-plant distance)/(plant-plant + point- 
plant distances)). Significant regularity of pattern was re- 
cognized when this proportion was significantly less than 
0.468 (or the arcsine transformed proportion <0.487 ra- 
dians). Alders are multi-stemmed individuals in these sites. 
We considered all stems emanating from the same root 
crown to have been produced by a single individual. In 
general, we had little difficulty deciding whether a given 
stem belonged to the same or a different individual. Alder 
does not spread vegetatively and fragment, as does Larrea 
tridentata (Cox 1987). Errors in recognizing individuals 
(Ebert and McMaster 1981) are thus unlikely to cause arti- 
facts in determining the regularity of alder distribution 
(King and Woodell 1984, Cox 1987). 

To determine whether seedlings might preferentially es- 
tablish mostly at some distance from adult shrubs and thus 
create the regularity of pattern, we measured the distance 
of 114 alder seedlings (individuals < 0.3 m tall) to the near- 
est non-seedling alder shrub and compared its distance with 
the random point-to-plant distance. Seedlings were relative- 
ly uncommon (none of the 124 randomly selected alders 
in the community). The mean distances of random points 
and seedlings from alder shrubs were compared with a t- 
test. Even if means were found to be the same, the distribu- 
tions of distances could be different. Therefore to determine 
whether distributions were different, the number of seed- 
lings observed in each of four distance classes (0 0.99, 
1-1.99, 2-2.99, 3 3.99) was determined and compared with 
the number expected (based on random point-to-plant dis- 
tances) using a G-test (Sokal and Rohlf 1981). 

To determine whether competition among adjacent 
alders significantly affected their growth, we haphazardly 
selected 16 alder shrubs. From half of these shrubs we re- 
moved the 5 closest alder neighbors by chopping off all 
stems at the root crown in June 1983. On 19 August 1983, 
five current year's long shoots were randomly selected from 
each treated (i.e., shrub with five nearest neighbors re- 
moved) and control shrub. We separated these shoots into 
leaves and stems, oven-dried them at 70 ~ C, and weighed 

Table 1. Density, height, and diameter of randomly sampled Alnus 
crispa in Alaskan tundra. Data (_+SE) are based on 62 random 
points and 124 shrubs. A regular distribution of shrubs is indicated 
by point-plant:plant-plant ratio <0.88 

Density (shrubs m-2) 0.06 
Point-plant: plant-plant ratio 0.81 ** 
Plant height (m) J.82_+ 0.04 
Plant diameter (m) J .76_ 0.07 

** Indicates significant departure from random at P<0.01, as de- 
termined by t-test 
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Fig. 2. Observed and expected distributions of distances of alder 
seedlings from the nearest non-seedling alder shrub. G = 138, P< 
0.001 

and saved them for nutrient analysis. On 23 July 1984, 
we repeated these harvests on the same individuals with 
ten shoots per alder shrub and also measured the length 
and weight of current-year's growth of 20 long shoots from 
each of 4 species of dwarf shrubs (Betula, Ledum, Vaeeinium 
uliginosum, and V. vitis-idaea) sampled within 1 m of the 
root crown of each of the 16 alder shrubs. Leaves and 
stems from each shrub sample were separetely ground in 
a Wiley mill (:~ 40 mesh), digested in selenous-sulfuric acid, 
and analyzed for nitrogen by microKjeldahl, phosphorus 
by phosphomolybdate, potassium, calcium, and magnesium 
by atomic absorption (Jonasson and Chapin 1985), and 
molybdenum and cobalt by plasma emission spectroscopy. 

We were unable to detect presence of ice-wedge poly- 
gons in our main study site through observation of surface 
features and therefore could not use this site to relate alder 
distribution to subsurface topography. At a site on 
Gobbler's Knob (16 km N of our study site), a pattern 
of high-centered ice-wedge polygons was clearly evident 
from the distinctive surface microtopography. At this latter 
site we made qualitative observations about the position 
of alder shrubs relative to the patterned ground. 

Results  

Alders at our study site showed regularity of spacing among 
individuals, as indicated by point-plant:plant-plant ratios 
significantly less than 0.88 (Table 1). Nearest neighbor dis- 
tance was positively correlated with shrub diameter ( r= 
0.31, P=0.023), indicating that larger shrubs were more 
widely separated from one another than were small shrubs. 

Alder seedlings were not spaced at random (G-test, P <  
0.001) with respect to individuals of adult alder (Fig. 2); 
they were closer to adult plants than expected (t-test, P < 
0.001). If subsequent growth and survival followed the same 
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Table 2. Length and weight of current year's 
shoots of shrubs sampled within 1 m 
of alder shrubs whose 5 nearest alder 
neighbors were intact (control) or removed 
the previous year. Data are means _+ SE, 
n = 8 alder shrubs. Each length and weight 
sample is the average of 20 shoots 

* and *** indicate significant difference 
between treatment and control 
at P<0.05 and 0.001, respectively 

Shoot length Shoot weight 
(cm) (mg shoot 1) 

Control Alders removed Control Alders removed 

Alnus crispa 

Betula nana 

Ledum decumbens 

Vaccinium uliginosum 

V. vitis-idaea 

3.59+_0.24 7.45_+0.37*** 794_+70 1135_+80" 

3.97_+0.24 3.84_+0.21 105_+10 88_ 6 

1.47_+0.08 1.33_+0.07 51_+ 5 45• 5 

2.85_+0.19 2.52• 64• 5 61• 4 

2.66_+0.10 2.17_+0.10" 58_+ 4 43_+ 3* 

pat tern,  this would lead to a c lumped dis t r ibut ion of  indi- 
viduals. Thus, the pa t te rn  produced  by early seedling estab- 
l ishment does not  implicate a regular  dis t r ibut ion of  safe 
sites or  early compet i t ion as causes of  the regular  spacing 
of  adults.  

A t  Gobble r ' s  Knob ,  where we could readily distinguish 
the posi t ioning o f  ice-wedge polygons,  we could discern 
no pa t te rn  o f  adul t  alders with respect to centers or  edges 
of  polygons.  Alders  were abundan t  in both  t roughs and 
high centers, suggesting that,  at  least at  this site, the pa t te rn  
of  polygonizat ion  did not  readily explain the regular  distri- 
but ion of  alders. 

Removal  of  the 5 closest alders had  no significant effect 
upon  current  shoot  growth ( P > 0 . 1 )  of  alder in samples 
collected two months  after the removal  (data  not  shown). 
However,  by late July of  the following year, alder shrubs 
whose nearest  neighbors had  been removed showed greater 
shoot  growth than did controls  (Table 2), indicat ing that  
neighboring alders were compet ing with one another.  
Growth  of  shrubs of  other  species si tuated beneath (i.e., 
within 1 m) alders was not  s t imulated by removal  of  neigh- 
boring alders, indicat ing that  the competi t ive interact ion 
was specific between the individual  alders:  removal  of  
neighbors did not  release resources that  could be tapped  
by other  shrub species in the community.  Growth  of  Vaccin-  
ium vi t is- idaea beneath alders was inhibited by the removal  
of  neighboring alders, perhaps due to s t imulat ion of  growth 
of  the canopy alder. Quali tat ive observat ions indicated that  
most  alder roots  were deeper than most  roots  of  the dwar f  
shrubs, perhaps explaining why resources made  available 
by removal  of  neighboring alders were more  available to 
alders than to other  species. 

Leaves and stems of  alder sampled in 1983 and 1984 
did not  differ (P > 0.05) between removal  and control  treat-  
ments with respect to tissue concentrat ions  of  nitrogen, 
phosphorus ,  potassium, calcium, magnesium, cobalt ,  or 
molybdenum.  A m o n g  unders tory  shrubs sampled in 1984 
the only significant difference in ni t rogen or phosphorus  
concentra t ion between t rea tment  and  control  shrubs was 
a higher ( P < 0 . 0 5 )  stem nitrogen concentra t ion in Betu la  
sampled beneath alders whose neighbors were removed,  rel- 
ative to controls.  Thus, out  o f  44 nutr ient  compar isons  be- 
tween t reatment  and control  samples, onle one proved sig- 
nificant at  the 0.05 level, a number  that  could be explained 
by chance. We conclude that  there was no major  change 
in the tissue nutr ient  concentrat ions of  alder or  unders tory  
shrubs as a result o f  removal  of  neighboring alders. 

The pool  size of  nutrients accumulated in current  year 's  
shoots of  alder was increased by removal  of  neighbors 
(shown for ni trogen and phosphorus  only;  Table 3). This 

Table 3. Pool size of nitrogen and phosphorus in leaves and stems 
of current year's shoots of alder shrubs whose 5 nearest alder neigh- 
bors were intact (control) or removed the previous year. Data are 
means _+ SE, n = 8 shrubs. Statistics as in Table 2 

Nitrogen Phosphorus 
(mg shoot-1) (mg shoot 1) 

Control Alders Control Alders 
removed removed 

Leaf 13 .8_+1 .2  18.2_+1.5 0.83_+0.04 1.16+0.09" 
Stem 5.7_+0.8 7.9_+0.7 0.57_+0.08 0.79+0.07 
Total shoot 19.5_+1.9 26.1 _+1.8" 1.40___0.11 1.95-t-0.14" 

was due entirely to the increase in shoot  biomass  rather  
than tissue element concentrations.  This suggests that  nu- 
trients were among the resources for which neighboring 
alders competed.  

Discuss ion  

Our results indicate that  adul t  alders are regularly spaced 
in our  study site and that  compet i t ion among neighboring 
adul t  alders is the most  likely explanat ion for this spacing. 

Pat terns of  seedling establishment do not  provide a con- 
sistent explanat ion of  regular  dis tr ibut ion of  adul t  alders. 
I f  compet i t ion between seedling and adul t  alders led to reg- 
ular spacing, we would expect most  seedlings to occur far 
from rather  than close to adul t  shrubs. The clumping of  
seedlings near  adul t  alders, which we observed, is most  lik- 
ely due to more  abundant  seed rain near  adul t  shrubs (Fen- 
ner /985) but  could also reflect more favorable establish- 
ment  condit ions near the adult.  

The lack of  correlat ion between the dis tr ibut ion of  
alders and recognizable frost features at  Gobble r ' s  Knob  
suggests that  alder seedlings do not  establish preferential ly 
in certain microsites within a system of  ice-wedge polygons.  
Moreover,  the seedlings we did find were in a variety of  
types of  microsites, both  vegetated and frost-disturbed.  
Thus, it seems unlikely that  any concealed pat tern  of  ice- 
wedge polygonizat ion could produce safe sites (Harper  
/977) favoring alder establishment,  thereby explaining the 
regular pa t te rn  of  adul t  alders. However,  we could not  see 
any polygonal  pat tern in our main study site, so we cannot  
definitively preclude the possibil i ty that  some hidden frost 
pat tern  contr ibuted to the regular  dis t r ibut ion of  alder in 
that  site. 

The increased shoot growth in alders whose nearest  
neighbors were removed clearly indicates release from com- 
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petition. The fact that various species of dwarf shrubs be- 
neath the alders did not respond positively to the removal 
treatment suggests that alders had preferential access to 
resources released by the removed alders and that the re- 
sources were not equally available to all members of the 
community. In a similar experiment in the desert, removal 
of all shrubs except a single Larrea individual caused the 
water potential of the Larrea to decrease less than in control 
shrubs during drought. However, removal of only Larrea 
shrubs (except a single individual) enhanced water potential 
of the remaining Larrea individual only under conditions 
of severe drought, suggesting that the development of a 
regular pattern of spacing may have minimized competition 
among adjacent individuals of Larrea except under condi- 
tions of extremely low resource supply (Mahall and Fon- 
teyn 1981). 

In our tundra experiments, we do not known the re- 
source for which alders were competing, although several 
considerations suggest that nutrients were important. The 
wide spacing of individual alders relative to their canopy 
width (Table 1) suggests that light competition was unim- 
portant. Moreover, nearest neighbor distance was not cor- 
related (P>0.5) with shrub height. Soils in our study site 
were above field capacity, so it is unlikely that water directly 
limited growth of alders. A nutritional limitation is sug- 
gested by the fact that the larger shoots in plants with neigh- 
bors removed had more nitrogen, phosphorus, and other 
nutrients, although the proportions (concentrations) of 
these elements were similar in treated and control plants. 
An increase in growth without change in tissue concentra- 
tion is the expected response of plants to partial release 
from nutrient limitation (Chapin 1980). Nitrogen is the 
macronutrient that limits plant growth in two tussock tun- 
dra sites near our study site (Shaver and Chapin unpub- 
lished work). However, alder supports symbiotic nitrogen 
fixation and was well nodulated in our study site. Moreover, 
cobalt and molybdenum, the micronutrients specifically re- 
quired for nitrogen fixation (Epstein 1972), did not increase 
disproportionately in shrub tissues in response to removal 
of neighbors, nor did any macronutrient. Therefore, it 
seems likely that the alder shrubs adjusted the uptake of 
specific nutrients to compensate for changes in the balance 
of supply (Harrison and Helliwell 1979; Chapin 1980), per- 
haps explaining why we did not see increased tissue concen- 
trations of any particular nutrient in response to removal 
of neighbors. 

Competition has been implicated as the cause of regular 
spacing in all reported instances of this phenomenon in 
natural communities and has now been demonstrated ex- 
perimentally in tundra (this study) and desert (Fonteyn and 
Mahall 1978, 1981). Regularity of spacing is most pro- 
nounced in low-resource environments. Spacing of trees in 
forests becomes more regular as succession proceeds, and 
as competition for light and other resources increases (Chri- 
stensen 1977). In late successional forests, sub-dominant 
trees (which receive less light) die, and the remaining domi- 
nant trees become regularly spaced. In deserts, spacing is 
most regular in the driest sites. In all these studies regularity 
of spacing is most pronounced among individuals of a single 
species, generally the dominant (largest) plant in the com- 
munity. If regularity of spacing does indeed reflect competi- 
tion, why is regular spacing not more common among plant 
populations? First, mesotopographic heterogeneity is a ma- 
jor cause of non-regular pattern in most plant communities. 

Only in topographically uniform areas such as many deserts 
dominated by Larrea tridentata (Woodell et al. 1969) or 
the broad tundra slopes which we studied can regularity 
of distribution be detected. More importantly, we suggest 
that intraspecific competition is severe enough to override 
other causes of vegetation pattern only in those environ- 
ments with lowest resource availability (e.g., deserts, tun- 
dra, and late successional forests), because in these environ- 
ments growth, survival, and reproduction are clearly re- 
source-limited. This conclusion directly contradicts Grime's 
(1977) hypothesis that competition is relatively unimportant 
in low-resource (stressful) environments. In less severe envi- 
ronments where there are more resources to support plant 
growth, other factors (e.g., seed rain, safe sites, stochastic 
factors regulating recruitment) may be more important than 
competition in determining vegetation pattern. 

In addition, high-resource environments may support 
several dominant species, so in these environments interspe- 
cific competition may be more important than intraspecific 
competition. Regularity of distribution implies that individ- 
uals of a given species compete strongly for resources not 
used by other species in the community, either because re- 
quirements of the regularly distributed species differ from 
those of other species (e.g., cobalt and molybdenum for 
nitrogen-fixers) or because the regularly distributed species 
taps resources from a different canopy height or rooting 
depth than do other species, as with the comparison be- 
tween Larrea and desert annuals (Fonteyn and Mahall 
1981). 

Because regularity has been found in low-nutrient (tun- 
dra) and low-moisture (desert) environments, it also might 
be expected in low-light environments (e.g., under a dense 
forest), but there have been no reports of regular spacing 
in such environments. The absence of regular spacing there 
may be due to the very uneven distribution of light (and 
therefore of individual plants of a particular species) under 
a forest canopy, whereas, at the scale of an individual plant, 
moisture and nutrients are more uniformly distributed. We 
suggest that strong competition for soil nutrients may ex- 
plain the regular distribution of alders in northern Alaska. 
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