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Summary

We examined experimentally the effect of competition from two common heathland
plant species (Calluna vulgaris or Molinia caerulea) on Betula pubescens saplings
subjected to simulated mammalian browsing damage. We tested two hypotheses: that
B. pubescens saplings alter their growth allocation in response to different patterns of
competition from the two species in order to maximise resource acquisition; and that,
when only B. pubescens saplings are damaged, herbivory reduces its ability to

compete with both species.

In an ex-situ experiment we grew B. pubescens saplings in the presence of below- or
above- and below-ground interactions from C. vulgaris or M. caerulea. Saplings
were also subjected to simulated browsing by clipping (50% of current year's growth),
either pre-senescence or at bud-burst. We measured the morphology and dry mass

allocation response of the saplings over a period of two years.

We found that competition reduced sapling dry mass by approximately 50%, but C.
vulgaris reduced dry mass to a greater extent than did M. caerulea. The total
competition intensity of C. vulgaris was greater than that of M. caerulea, due to an
apparent facilitative effect of M. caerulea shoots on birch growth. Saplings
compensated for browsing damage, resulting in no difference in dry mass one year
after damage. However, sapling morphological responses to browsing damage were

dependent on the competing species.

Despite the large competitive effect of below-ground interactions, saplings did not
increase allocation to root growth as predicted. Additionally, in response to above-

ground interactions from M. caeruela, saplings increased allocation to root growth.



This study highlights the importance of patterns, as well as intensity, of competition
in determining plant responses to inter-specific interactions. Sapling responses did
not follow the pattern predicted by the balanced-growth hypothesis. We suggest that
this is due to the multi-functionality of plant component parts and the balance

between competitive and facilitative effects of interacting plants.
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Introduction

Understanding plant interactions is fundamental to understanding plant community
dynamics (Grime 1973; Grime 1979, Tilman 1988; Grace & Tilman 1990).
Interactions between plants can have positive (facilitative) and/or negative
(competitive) effects (Callaway & Walker 1997; Holzapfel & Mahall 1999) on plant
growth. Additionally, competition can alter patterns of growth allocation and
morphology due to competitor effects on the relative availability of different
resources. This facilitates optimal resource acquisition (e.g. Farrar 1999, Miiller,
Schmidt & Weiner 2000). In response to shoot competition plants are predicted to
increase shoot/leaf growth to out-compete neighbours (Reynolds & Antonio 1996).
Alternatively, in response to root competition plants are predicted to increase
allocation to root growth to compensate for the competition-induced reduction in
nutrient provisioning (e.g. Wilson & Tilman 1995). The separation of above- and
below-ground components of plant interactions provides a method of testing plant
responses to each component in isolation. The general consensus in the literature is
that competition below-ground tends to be more important than competition above-

ground (Wilson 1988). However, the relative contribution of each competition



component is very variable, is strongly influenced by environmental factors (Wilson
& Tilman 1991; Twolan-Strutt & Keddy 1996) and may be site and/or species

specific.

Browsing from large herbivores also restricts tree sapling survival and growth in
many systems across the world (Bergstrom & Danell 1987; Hester, Mitchell & Kirby
1996; Van Hees, Kuiters & Slim 1996; Millard, Hester, Wendler & Baillie 2001;
Hester, Millard, Baillie & Wendler 2004) and, in some areas, prevents the
establishment, expansion or renewal of woodland (Hester, Edenius, Buttenschon &
Kuiters 2000; Kuiters & Slim 2002; Hester, Bergman, lason & Moean (in press)).
Herbivory can alter associations between plants (Louda, Keeler & Holt 1990; Crawley
2000) by reducing their ability to compete (Harper 1977; Reader 1992). Additionally,
browsing mammals are selective, exhibiting a preference for one species over another
(Danell & Bergstrom 2002). This asymmetric herbivory often increases the effect of
competition on the damaged plant (Conell 190). Furthermore, browsing induced
alterations in plant morphology and root:shoot ratios can also impact on the ability of

the plant to compete (Huntley 1991).

Interactions between competition and herbivory are predicted to be additive (i.e. the
relative effect of one is the same, regardless of the effect of the other). However, the
studies that are available have found large variations in the interactions between
herbivory and competition (e.g Reader 1992; Bonser & Reader 1995; Dormann, Van
der Wal & Bakker 2000). The effects appear to be highly species-specific and also
depend on the competing species. For example, Millett, Hester, Millard & McDonald
(in press) found that high levels of herbivory by red deer removed any difference in

the effect of Calluna vulgaris (L.) Hull or Molinia caerulea (L.) Moench on Betula



pubescens Ehrh. sapling growth. Hjaltén (2001) also found that the ability of B.
pubescens to compensate for herbivory was reduced by increased intra-specific
competition. However, Meiners and Handel (2000) found that herbivory did not
influence the effect of competition from herbaceous vegetation on tree sapling
growth. There is clearly a need for further research to better understand how
competition and herbivory interact and to identify the mechanisms driving such

interactions.

Competition between tree seedlings and grasses/shrubs strongly influences tree
establishment (Holl 1998). In the ex-situ enclosure study reported here, we measured
above-ground, below-ground and total competition intensity between two heathland
plants with contrasting growth patterns (C. vulgaris and M. caerulea) and B.
pubescens saplings, and recorded the effect of simulated browsing on these
interactions. Betula pubescens is a deciduous tree and is widely distributed in Europe,
as a dominant or co-occurring component of many semi-natural forest systems
(Atkinson 1992). M. caerulea and C. vulgaris are both widespread across Northern
Europe, and are dominant in many of the upland areas where birch regeneration is
widespread. The two species have contrasting growth habits; C. vulgaris is an
evergreen ericaceous shrub whereas M. caerulea is a deciduous tussock-grass
(Gimingham 1960; Taylor, Rowland & Jones 2001). The aim of this study was to
identify the relative above- and below-ground interaction effects of the two species,
and the influence of browsing damage on sapling responses to these effects.
Specifically, we tested the following hypotheses: 1. That B. pubescens saplings
increase allocation of growth to roots due to the reduction in nutrient availability as a
result of below-ground competition, and allocation to above-ground plant parts is

increased by above-ground interactions due to the reduction in above-ground resource



availability; and 2. That when only the tree saplings are damaged, browsing increases

the intensity of competition due to a reduction in the fitness of the sapling.

Materials and methods

Experimental design and set-up

180 2-year-old B. pubescens seedlings (Forestry Commission seed: UK provenance
region 202 - NE Scotland) were transplanted from a nursery when dormant and
planted in sterile sand in pots (300 mm diameter X 260 mm deep) in early spring
2002. To ensure adequate drainage, the pots were filled with 50 mm of gravel (8/16),

50 mm of coarse sand and then fine white sand (number 60) to the top.

The pots were placed in a covered, fenced enclosure at the Macaulay Institute in
Aberdeen, Scotland (57 °N, 2 °W). All pots were watered with a complete nutrient
solution containing 3 mM NH,'NO;™ and other nutrients, as described by Millard and
Proe (1991). In 2002 each pot received 300 cm’ of nutrient solution two times a
week; in 2003 and 2004 this was increased to 500 cm® to reflect the increasing size of
plants during the growing season March-October (and therefore nutrient
requirements). The pots were also watered with demineralised water to avoid

excessive drying. Pots were moved into a glasshouse over winter, and kept frost-free.

At the start of the first growing season, all saplings were clipped to 100 mm height,
which removed most 2001 growth, leaving a single stem of primarily old growth with
a number of lateral buds. The aim of this was two-fold: to start the experiment with
all saplings heavily 'browsed' and to 'standardise' their initial height to that of the

surrounding vegetation.

Two competing species treatments (M. caerulea or C. vulgaris) were crossed with two

levels of competition location (above- and below-ground or below-ground only).



These competition treatments, in addition to a control with no competing plants
resulted in a total of five competition treatments. In addition, three browsing
treatments were applied to the saplings (detailed below). The competition and
browsing treatments were combined in a 5 X 3 factorial design, giving 15 treatment
combinations. The pots were arranged in a randomized design in 12 blocks, giving 6
replicates of each treatment combination, to be harvested at two time points (late

summer 2003 and spring 2004).

Competition treatments

Competition intensity was measured by growing saplings with competition from
either M. caerulea or C. vulgaris. Two-year-old C. vulgaris plants were purchased
from a nursery (UK provenance zone 109 - SE Scotland). Rhizomes of dormant M.
caerulea plants were collected from the field in Aberdeenshire (57° N, 2° W),
Scotland in early March 2002. Six 'plugs' of C. vulgaris or six groups of three M.
caerulea rhizomes (to give similar sized plant groups) were planted in a circle at equal

spacing around the B. pubescens saplings and 80 mm from the saplings.

Competition was controlled as follows (Fig. 1): No neighbours (NN, Fig. la) -
saplings were grown in the pots with no competing vegetation; Neighbour roots and
shoots (NRS, Fig. 1b) - the competing plants were allowed to fully interact with the
saplings; Neighbour roots (NR, Fig. 1c) - a wire mesh cone (height 150 mm, base
diameter 50 mm, top diameter 150 mm) was placed around the base of the sapling.
The surrounding plants were trained around this cone as they grew to maintain the
above-ground competition removal treatment. It was assumed that training the shoots
of the surrounding plants behind the mesh cone did not significantly affect the root

growth of the plants. Therefore, above-ground interactions were effectively



eliminated without altering the below-ground interactions. This design is equivalent to

the ‘target’ technique described by McPhee & Aarssen (2001).

Browsing treatments

The B. pubescens saplings were subjected to one of three simulated browsing
treatments. These were: no browsing (control); late summer browsing (August 2002
at first sign of leaf senescence); or browsing at bud-burst (March 2003). The
simulated browsing treatment was applied by clipping off half of the current year's
shoots from each sapling. The entire shoot was removed, starting with the leader and

then cutting every alternate shoot (as in Hester et al. 2004).

Measurements and harvesting

Saplings were measured at planting (longest root length, height, fresh mass, number
of buds and stem diameter), and at harvest (height, canopy cover, number of leaves,
number of short shoots, terminal long shoots, lateral long shoots, stem diameter,
number of branches). The blocks were randomly allocated to one of two groups for
harvesting. Plants in group 1 were destructively harvested on 8" September 2003
(pre-senescence 2003), and plants in group 2 were harvested 64 days after bud-burst
in 2004. Each sapling was separated into leaves, roots, old shoots (previous years’
growth) and new shoots (current year's growth). Abscised leaves were collected from
the saplings in group 2 in autumn 2003 by placing netting around each sapling. All

plant material was freeze-dried and weighed.



Data analysis

Competition intensity

For each block, total sapling biomass was used to calculate competition intensity and
its two components. We calculated relative competition intensity (RCI) as follows

(after Reader, Wilson, Belcher, Wisheu, Keddy et al. 1994):

total competition intensity ~ RCIt = (Sxn-Snrs) / Snw,

root competition intensity ~ RCIg = (Sxn-Snr) / Snn,

shoot competition intensity RClIs = (Snr-Snrs) / Snn = Clp-Clg

Absolute competition intensity (ACI) was calculated as follows (after Wilson &

Keddy 1986):

total competition intensity ~ ACIt = Sxn - Srs,
root competition intensity ACIr = Snn - Snr,

shoot competition intensity ~ACls = Sxgr - Snrs = Clr - Clg

Where Sxn, Sxr and Snrs are the dry weights of the saplings with no neighbours,
neighbour roots and neighbour roots and shoots treatments respectively. The CI was
calculated separately for each competing species, to give two values per block. The
calculation of CI yields an index where competitive (i.e. negative) interactions result
in positive values and facilitative (i.e. positive) interactions result in negative values.
The two measures of competition intensity may yield different results (Campbell &
Grime 1992; Grace 1995, Wiegelt & Jolliffe 2003). Therefore, both were calculated

and presented for discussion.

Calculation of Mass Ratios

The relative contribution of each dry mass component to the total dry mass of the

plant was calculated using the following equation:



Dry mass ratio = DM¢ / DMy

Where DMc is the dry mass of the component part and DM is the total dry mass of
the plant. These ratios were calculated for: Leaf mass ratio (LMR), stem mass ratio

(SMR), root mass ratio (RMR) and above-ground mass ratio (leaf+stem)(AMR).

Statistical Analysis

Data were analysed in Genstat 7th edition (VSN International 2004) using the Linear
Mixed Model with Residual Maximum Likelihood (REML) estimation (Patterson &
Thompson 1971). The use of REML provides a more powerful method of analysing
data with missing values or an unbalanced design (for balanced designs the results of
ANOVA and REML are the same). Unlike ANOVA, REML can be used with
poisson- as well as normally-distributed data. For consistency and ease of
interpretation, all data was analysed using the same REML model as most appropriate
for the design and the inclusion of poisson-distributed data. Start-of-experiment
measurements of stem diameter and fresh mass were used as co-variates. The fixed
effects model used was: browsing X (presence of competition + competing species) X
competition treatment X year. The use of presence of ‘competition + competing
species’ enabled the effects of competition and species specific differences to be
disentangled. For the dry mass data, block was used as a random factor. For the
morphology data, block and pot number were used as random factors. Where data did
not meet the assumptions of equality of variance or normally distributed residuals
they were either logo or square root transformed before analysis. For the CI data the
Fixed model used was: browsing X species X year, and the random factor was block.
Comparisons between treatments were made using Fisher’s LSD test (Snedecor &

Cochran 1980).
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Results

Effects of browsing

There was no significant effect of simulated browsing on the dry mass of the saplings
at harvest, or on any of the dry mass ratios within the saplings (Table 1). There was
also no main effect of simulated browsing on any of the competition intensities (Table
2). However, there was a significant interaction between species and browsing for
ACI. Specifically, while bud-burst browsing reduced the ACI of C. vulgaris, the ACI

of M. caerulea was increased when saplings were browsed at bud-burst (Table 3).

There was a significant effect of browsing on leader length (Table 4) with browsed
saplings having significantly longer leaders than unbrowsed saplings. Furthermore,
summer-clipped saplings had longer leaders than bud-burst clipped saplings (Mean *
SEM: Unbrowsed 42 + 3 cm, late summer browsed 53 + 3 cm, bud-burst browsed 49
+ 3 cm). However, there were no browsing induced differences in the height of the
saplings (Table 4). There was also a significant effect of simulated browsing on the
number of branches (Table 4). With browsed saplings having fewer branches than
unbrowsed saplings. However, this reduction in the number of branches was only
significant for saplings growing with M. caerulea with browsing applied at bud-burst
(S x B interaction, Table 4) (Mean + SEM (saplings growing with M. caerulea only):
Unbrowsed 9.6 £+ 1.4 cm, late summer browsed 8.2 + 1.4 cm, bud-burst browsed 6.3 +
1.3 cm). Browsing did not affect the number of branches for saplings growing with

C.vulgaris.

One growing season after simulated browsing was applied, saplings growing with no
competition, had a reduced the number of lateral and terminal long shoots, and leaves

(Fig. 4, Table 4) compared with the unbrowsed control trees. When interactions from

11



M. caerulea were present the effect of browsing on leaf and shoot numbers was
altered. Numbers were still reduced for bud-burst browsing. However, late summer
browsing no longer reduced numbers of terminal and lateral long shoots, or numbers
of leaves. Additionally, interactions from C. vulgaris also removed the bud-burst
browsing induced reduction in numbers of leaves and terminal long shoots (Fig. 4,

Table 4).

Effects of competition
M. caerulea

Sapling dry mass was reduced when in competition with M. caerulea roots (Table 1,
Fig. 2), although to a lesser extent when shoot and root interactions were present than
when just root interactions were present. In fact, in 2003 M. caerulea NRS was
indistinguishable from NN (Fig. 2). The result is that, while Clt and Clr experienced
from M. caerulea were positive, Cls was negative (Tables 2 & 3). This indicates a net
facilitative effect of above-ground interactions from M. caerulea (i.e. facilitative

effects are greater than any negative effects).

Below-ground interactions from M. caerulea did not affect dry mass allocation within
the saplings, when compared with the no competition control. However, when above-
and below-ground interactions were present saplings, decreased allocation to leaves

and increased allocation to roots (Table 1, Fig. 2).

C. vulgaris

Root interactions from C. vulgaris reduced sapling dry mass to the same extent as root
interactions from M. caerulea (Fig. 4). However, when shoot interactions were added
the strength of growth reduction for saplings growing with C. vulgaris was not

affected. Consequently, when above- and below-ground interactions were present, C
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vulgaris reduced sapling dry mass to a greater extent than M. caerulea. The result of
this is that the total Competition intensity (CIr) experienced by the B. pubescens
saplings was greater when growing with C. vulgaris than with M. caerulea (Tables 2
& 3). This was due to differences between the grass and shrub species in the above-
ground competition intensity (Clg). Clgs experienced from C. vulgaris was neutral (i.e.

not different from zero).

Saplings experiencing both above- and below-ground interactions exhibited similar
patterns of dry mass allocation to those growing with only below-ground interactions.
The effect was a smaller investment in leaf mass (LMR), and a larger investment in
shoot mass (SMR), compared to saplings with no competing species (Table 1, Fig. 2).
However, despite the reduced LMR and a reduction in the number of leaves

(following the reduction in dry mass), individual leaf size was increased (Fig. 3).

The result of these differences in sapling size and allocation was that, when only
below-ground interactions were present saplings growing with C. vulgaris or M.
caerulea were similar in size. Patterns of dry mass allocation were similar. However,
allocation to leaf growth is increased for saplings growing with M. caerulea. When
above-ground interactions were added, the species of competing plant had a larger
influence on sapling mass and allocation. Saplings growing with C. vulgaris were not
influenced by above-ground interactions. However, saplings growing with M.
caerulea have higher dry mass and increase allocation to roots, at the expense of
allocation to leaves, when above-ground interactions are added. The relationship
between sapling root mass and shoot mass was similar for saplings growing with no
competition, C. vulgaris roots, C. vulgaris roots and shoots, and M. caerulea roots

(Fig. 3). However, saplings growing with M. caerulea roots and shoots showed a

13



distinctly different, and much weaker, relationship, exhibiting a lower rate of increase

in shoot mass with increasing root mass.

Discussion

Plant interactions

Wilson (1998) suggested that woody plants might have a larger competitive effect
than grasses, due to woody plants having greater shoot mass and, therefore, greater
reduction in light availability. Our findings are consistent with this. We also found
that below-ground interactions from M. caerulea and C. vulgaris reduced sapling dry
mass to a greater extent than above-ground interactions. This is also consistent with
the prevailing trend (Wilson 1988). The competitive effect of the woody shrub C.
vulgaris was found to be greater than that of the grass M. caerulea. The difference
was apparently due to the reduced above-ground competitive effect of the grass as
compared to heather. Betula pubescens saplings responded differently to these
contrasting patterns of competition. Sapling responses to competition from M.
caerulea were explained through responses to the competitive effect of root
interactions and the facilitative effect of shoot interactions. Therefore, while saplings
responded similarly to root interactions from C. vulgaris and M. caerulea, sapling

responses to full interactions were species-specific.

Sapling responses to C. vulgaris were wholly explained by responses to root
interactions. This implies that competition was for nutrients. However, according to
the balanced-growth hypothesis and optimal foraging theory, reductions in nutrient
availability should result in increased allocation to roots in order to better utilise
competition-induced nutrient limitation (Tilman 1988, Shipley and Meziane 2002).

However, there was no evidence that this was the case in the present study. Below

14



ground competition from C. vulgaris or M. caerulea had little effect on allocation to
roots. Previous work has found conflicting evidence for the application of the
balanced-growth hypothesis to below-ground competitive interactions (e.g. Muller et
al 2000, Shipley & Mezaine 2002, Cahill 2003). Our findings support Cahill’s (2003)
assertion that plant root growth is not solely a product of nutrient availability. Calhill
(2003) highlighted the multi-functionality of roots as a complicating factor when
predicting allocation responses to below-ground competition, our study serves to
reinforce this. Additionally, root growth is constrained by the availability of space to
a greater extent than shoot growth (Grime & Mackey 2002). This limits the plasticity
of root growth in response to environmental variation of resource availability. The
addition of competing plant roots may further constrain root growth, and confound the
response of sapling roots to the reduction in below-ground resource availability.
Furthermore, in response to the facilitative effect of M. caerulea shoots, saplings
decreased allocation to leaves and increased root allocation. This suggests that shoot
interactions increased the acquisition of carbon, improving root growth. However, the

mechanism for the facilitative effect of M. caerulea shoots is not clear.

Treatment effects on plant slant size may influence the allocation of growth (Miiller et
al. 2000). This appears to be the case for the majority of the competitive interactions,
although this does not negate the importance of the lack of increase in root mass due
to below-ground interactions. However, saplings growing with root and shoot
interactions from M. caerulea show a distinctly different relationship between root
and shoot mass when compared to the other saplings. This suggests that, for the
effect of M. caerulea shoots, the differences proportions of dry mass of sapling roots
and shoots are not due to treatment effects on sapling size. Therefore, we suggest that

the response of saplings to M. caerulea shoots and roots is intrinsically different to

15



their response to the other the competitive treatments. It seems likely that this is due
to the facilitative nature of the above-ground interaction. This highlights the
importance of considering the multi-factorial mechanisms by which plants influence
their neighbours. Particularly important are the potentially antagonistic interactions
between competitive and facilitative effects, each of which may be acting on a

number of different limiting processes.

Herbivory

We found no overall significant effect of 50% of new growth herbivory on the dry
mass of the saplings, one year after browsing damage was induced. This is consistent
with previous studies on Betula species (Bergstrom & Danell 1987; Hjéltén, Danell &
Ericson 1993; Hester et al. 2004), indicating that B. pubescens was able to
compensate for the removal of tissues at this level of simulated herbivory. We also
found no effect of herbivory on CI, suggesting that the lack of browsing effect
translated into a lack of effect of browsing on competitive ability. It has been
suggested that the ability to compensate for herbivory may not necessarily increase
plant fitness, and may be detrimental to the plant (Hjélten et al 1993). This may be
related to plant productivity. For example, Olofsson et al. (2002) found that
herbivory increased CI in relatively unproductive plant communities in snowbeds.
However, in productive tall herb meadow communities they found no effect of
herbivory on CI. In the present study, the ability of the saplings to compensate for
browsing damage did not affect their competitive ability. This could be explained
through their fast growth and high degree of phenotypic plasticity. Despite the lack of
impact of simulated browsing on final dry mass, we found evidence that the saplings
in our study altered their morphology to compensate for browsing damage, for

example by producing longer leading shoots and altering the numbers and proportions

16



of leaves and long and short shoots. These morphological changes were influenced by
the competition treatments, implying that the saplings are able to alter their response
to herbivory depending on the influence of competition. This enabled the saplings to
compensate for browsing damage, despite the strong competitive effect of interacting
plants, resulting in no significant interaction effects between competition and

herbivory for sapling growth.

In conclusion, our results indicate that that the woody shrub C vulgaris reduces birch
sapling growth to a greater extent than the deciduous grass M. caerulea, primarily due
to differences in above-ground competition. The mechanism for these differences is
unclear. However, above-ground interactions from M. caerulea alter patterns of
sapling growth allocation, suggesting an alteration in the relative sink sizes. We
found very little effect for herbivory on sapling dry mass, or overall response to
competition, due to their ability to alter growth and morphology plastically. These
results suggest that the rate of establishment success of B. pubescens will be strongly
dependent on the vegetation in which it is growing, but that this effect is little-

modified by moderate levels of browsing.
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Table 1 Results of univariate residual maximum likelihood (REML) analysis of B. pubescens sapling growth and allocation. Presented are the
Wald Statistic (WS) and significances: S —P>0.05,* - P <0.05, ** - P<0.01, *** - P <0.001) for the main effects of, and interactions

between, B = browsing (Late summer/spring/none), C = competition (present/absent), S = competing species (Calluna/Molinia), L =
competition type (below ground/above and below ground), T = time (autumn 2003/spring2004).

Above-

Whole trele Leaf dgy New-grow’gh Oold groth Root d{y ground dry Above- LMR SMR RMR?
dry mass mass dry mass dry mass mass mass ground MR
d.f. WS WS WS WS WS WS WS WS WS WS

B 2,153 1.96" 0.91™ 0.50" 2.16"° 0.98"° 1.49™ 1.37"° 0.01™ 0.88"° 0.53"
C 1,153 47.49%* 64,91+ 8.40** 50.71%** 41.06%**  52.96*** 0.03"® 4.55* 1.56"° 0.02"°
S 1,153 26.75%** 47 .46%* 0.85"° 24.41%*+ 26.91%* 22 .66%** 0.50™° 5.24* 4.20% 0.89"°
L 1,153 1.88"° 4.43* 1.43%° 0.04"° 4.88* 0.24N° 7.23%* 0.39"° 7.80%* 6.70%*
T 1,153 11.31%** 0.02"%°  290.99*** 201.03*** 26.64%** 6.26* 21.55%* 53.05%** 0.00™  26.10%**
BxC 2,153 0.58"° 3.43% 1.74™° 1.11M° 0.13%° 0.64"° 0.08"° 7.45% 3.97"° 0.37"°
BxS 2,153 493" 5.99* 1.45M° 3.03"° 5.40"° 4.04N° 4.69"° 1.37"° 4.35"° 4.88"°
BxL 2,153 0.68"° 0.94N° 0.97"° 2.10M° 0.31"° 1.12M° 2.36"° 0.78"° 0.91"° 2.34N°
SxL 1,153 4.37* 0.77%° 3.04%° 4.50* 3.40"° 4.91* 0.00™° 4.66* 2.13% 0.08"°
TxB 2,153 1.27% 1.06™° 2.01M° 0.27"° 1.69"° 0.58"° 1.14™° 0.16"° 1.41M° 0.94N°
TC 1,153 0.04"° 0.06"° 6.72* 0.28"° 0.05"° 0.16"° 0.52"° 0.04"° 0.71"° 0.68"°
TS 1,153 1.19M 0.00"° 11.50%* 0.39"° 1.40M° 0.79"° 1.49N° 3.66"° 0.03"° 0.89"°
TxL 1,153 0.49"° 0.19"° 0.49"° 1.91M° 0.40"° 0.71"° 0.01M° 2.23% 1.18"° 0.03"®

'Log transformed, “Square root transformed

All three and four way interactions were not significant and are not shown.
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Table 2 Results of the univariate REML analysis of the absolute (ACI) and relative

(RCI) competition intensity experienced by B. pubescens saplings. Presented are the

Wald Statistic from the REML analysis and the significance ("°— P > 0.05, * - P <

0.05, ** - P <0.01, *** - P <0.001) for differences between species (S), competition

intensity type (Cl) and browsing (B), and interactions between the three.

ACI RCI

B 2,130 0.59"> 1.70™"

Cl 2,130  103.02%** 66.17*+*

S 1,130 14.25%* 14.03**
SxClI 2,130 2.43% 1.94N°
SxB 2,130 6.13* 1.84M°
CIxB 4,130 5.58"° 1.31M

SxCIxB 4,130 1.82M° 1.25
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Table 3 Absolute (ACI) and relative (RCI) competition intensity experienced by B.
pubescens saplings growing with two different species. Presented are mean + SED
for total (Cly), root (Clr) and shoot (Cls) competition intensity for saplings growing

in M. caerulea or C. vulgaris with three different simulated browsing treatments.

ACI RCI
Species Browsing Cly Clg Clg Clt Clg Clg
None 25.6+13.2 37.0+11.0 -12.8410.1 0.1+0.2 0.4+0.1 -0.3%+0.2
Molinia Late summer  23.0+12.0 48.4+9.0 -24.9+7.1 0.1+0.2 0.5+0.1 -0.3%#0.1
Bud-burst 39.3+12.6 51.1+15.0 -12.0#13.1 0.3x0.2 0.4+0.2 -0.2+0.1
None 67.4+8.7 47.8+13.1 27.7+20.5 0.7#0.1 0.5%0.1 0.1+0.2
Calluna Late summer  75.0%10.7 64.0+8.7 6.219.8 0.7+0.0 0.6%0.0 0.1+0.1
Bud-burst 33.3+14.1  48.0+16.1 -11.0+6.9 0.3+0.2 0.5+0.2 -0.1+0.1
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21 Table 4 Results of univariate residual maximum likelihood (REML) analysis of B. pubescens sapling morphology. Presented are the Wald

22 Statistic (WS) and significances (NS -P>0.05*-P<0.05, ** - P <0.01, *** - P <0.001) for the main effects of, and interactions between, B

23 =browsing (Late summer/spring/none), C = competition (present/absent), S = competing species (Calluna/Molinia), L = competition type

24 (below ground/above and below ground), T = time (autumn 2003/spring2004).

Terminal long Stem Short Lateral long Leader Distance to Number of ~ Number of Lenath Canop 2° lateral
shoots® diameter shoots® shoots® length? lowest branch  branches® leaves® 9 cover long shoots
d.f. WS WS WS WS WS WS WS WS WS WS WS

B 2,153 3.99™ 1.08"° 0.90™ 13.06** 15.99** 1.96"° 15.30%** 433" 3.28™ 1.00™° 2.03"
C 1,153 75.25%** 45,17*** 40.80*** 71.27*%* 4.36* 12.93*** 30.34*** 141.38*** 28.72*** 79.80*** 22.95%**
S 1,153 80.58*** 15.45%** 47 .36*** 71.68*** 1.08"° 227" 17.02*** 118.44*** 22.71%** 53.22%** 11.05%**
L 1,153 2.28"° 0.69"° 3.25"° 1.54N° 2.05M° 1.59N° 0.01"° 1.52N° 2.84"° 0.51"° 0.03"°
T 1,153 198.28*** 33.55***  306.45*** 341.97*** 504.14*** 13.34*** 1065.25*** 259.75%** 46.61*** 23.09*** ND
BxC 2,153 0.57"° 0.02"° 4.93"° 0.26"° 3.64"° 1.46"° 0.46"° 217" 2.13"° 2.89N° 0.72"°
BxS 2,153 24 71%%* 3.33"° 7.82% 10.76** 0.31"° 1.46"° 8.24** 10.62** 0.48"° 1.48"° 5.60M°
BxL 2,153 0.29"° 0.59"° 0.60"° 2.23%° 0.64"° 1.58"° 3.25"° 1.05™° 1.44N° 0.41"° 1.22N
SxL 1,153 0.05"° 3.82"° 1.35"° 0.20™° 0.64"° 0.13"® 0.52"° 1.86"° 3.34™° 1.67"° 3.50M
TxB 2,153 1.10M° 1.67"° 0.21"° 0.05™° 0.59"° 1.09"° 1.12"° 0.59"° 5.45M° 0.35"° ND
TxC 1,153 40.15%** 0.07"° 33.13%** 5.69* 4.40% 2.20M° 1.08"° 12.07*** 5.87** 0.74"° ND
TS 1,153 79.76*** 2.69"° 55.22*** 9.40** 24.82*** 0.00"° 4.44* 42.86*** 3.96* 8.41** ND
TxL 1,153 2.49N° 0.10™° 2.79"° 0.19"° 0.14"° 0.01"° 0.08"° 4.15* 11.48%* 1.52N° ND

25  'Log transformed, *Square root transformed

26  All three and four way interactions were not significant and are not shown
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Figure 1 Competition treatments imposed on B. pubescens saplings. Saplings either had (a) no interactions with surrounding vegetation (NN);
(b) above- and below-ground interactions (NRS) or (c¢) below-ground interactions only (NR).
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Figure 2 Dry mass of component parts B. pubescens saplings growing alone or with below-ground or above- and below-ground interactions
from either M. caerulea or C. vulgaris. Bars show mean + SEM for whole tree dry mass. Letters above bars indicate differences between whole
tree dry mass. Letters within bars indicate differences between saplings in the dry mass of that component part (Fisher’s LSD, P < 0.05). Data
were transformed before analysis (see Table 1).
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Relationship between root mass and above-ground mass of B. pubescens saplings
growing with five different competition treatments. Presented are values for
individual saplings and the fitted linear least-squares regression line. Competition
treatments are: no competing vegetation (6), competition from C. vulgaris (o & e )
and competition from M. caerulea (o & m). Where competing plants are present open
symbols represent only interactions form neighbours roots (NR) (0 & o) and filled
symbols represent interactions from neighbours roots and shoots (NRS) (m & ). No
competition: y=1.09x+26.1, 1’=0.67 (=), C. vulgaris NR: y= 1.3241x + 8.3536,
’=0.7599 (), C. vulgaris NRS: y= 1.1495x + 7.8258, r’=0.6784 (*=+), M. caerulea
NR: y = 1.4597x + 9.5661 (----), ’=0.7561, M. caerulea NRS: y = 0.3778x + 8.3071,
’=0.2414 (= *).
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Figure 3 Leaf characteristics for B. pubescens saplings growing with and without
interactions with C. vulgaris or M. caerulea. Values presented are mean = SEM.
Data were transformed before analysis (see Table 1).
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Figure 4 Effect of simulated browsing and competition from different species on the
morphology of B. pubescens saplings. Values presented are mean = SEM. Values
were transformed before analysis (see Table 1).
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