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sorting through the contradictions 
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ABSTRACT. The most common effects of increased density in terrestrial plant populations are reduced 
rates of growth and reproduction. There are contradictory reports for fucoid seaweeds, whose perfor- 
mance appears to be enhanced by increased density. Density is 1 of 2 components of crowding. The 
second is plant size. Crowding increases with size for a given density. In modular organisms there are 
2 components of crowding, the within-organism component (which increases with ramet density and 
size) and the extra-organismal component (that is determined by the sizes and densities of whole plants 
in the stand). Such complexity presents special difficulties in experimental examination of the effects of 
crowding. Using stands made up of transplants, and by manipulating the length and density of ramets 
in the plants, we examined the effects of the 2 components of crowding on the performance of the mod- 
ular seaweed Ascophyllum nodosum. Plant density was not manipulated. We found that low ramet 
density promoted the formation of new ramets (shoots) and enhanced relative growth rates. As ramet 
length and biomass are directly correlated, increases in ramet length translated into increased biomass. 
Conversely, high density promoted reproduction and faster ramet elongation Plant length had fewer 
s~gnificant effects Longer indiv~duals depressed the growth of shorter and similarly sized plants. 
Hence, for A. nodosum, ramet density has a wider range of effects than plant length alone. Also, the 
effect of density differed among response variables. Nevertheless, it is clear, from this and other work, 
that modular fucoid species respond to crowding in ways that are fundamentally different from terres- 
trial higher plants. 

KEY WORDS: Ascophyllum nodosum . Brown seaweed Crowding . Density . Growth . Intraspecific 
competition . Ramets Reproduction 

INTRODUCTION 

Research on seaweed populations has shown un- 
expected effects of density. A key study of naturally 
recruited, even-aged stands of Sargassurn sinclairii 
(Schiel & Choat 1980), later expanded to include 
Carpophyllum mastocarpum (Schiel 1985), examined 
stand performance at a variety of densities. The studies 
found that total yield, plant length, dry weight and 
reproductive dry weight increased with density. Since 
growth determines transitions among size classes, and 
reproductive dry weight determines fertility, it is clear 
that vital rates must be affected by density. Percentage 
of reproductive plants (94%)  was higher in the low 
than in the high density (60%) stands. However, over 

an 8 mo period, survivorship was higher for plants at 
low densities (26% survived) than at high densities 
(1 1.9 % survived, Schiel 1985). 

The findings led Schiel & Choat (1980) to propose 
that seaweed populations are fundamentally different 
from higher plants. The effects of density on the latter 
may be summarized in the -3/2 thinning or power law. 
Cousens & Hutchings (1983) showed later that the 
stands studied by Schiel & Choat (1980) do not violate 
this law. The law is expressed in the equation: 

W = K&'' 

where W is mean above-ground plant dry weight, K is 
a constant and d is plant density. In nearly all plant 
populations, there is a boundary line represented by 
the following equation: 

l ~ g , ~ ~  = 4.3  - l.510glod 
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below which data points fall. The boundary was shown 
to apply to populations of seaweed (Cousens & Hutch- 
ings 1983). Furthermore, a study of another fucoid, 
HimanthaLia elongata, found that populations con- 
formed with the self-thinning rule (Creed 1995). 

Fucus distichus germlings seeded at 3 different den- 
sities (over a 400-fold range) thinned to slmilar density 
(about 600 ind. m-') over a 2.5 yr period (Ang & De 
Wreede 1992). The authors also found that low per- 
centages of variation in measured parameters could be 
explained by density alone. The finding suggests that 
there is hardly a simple and explicit density relation- 
ship with demographic performance in any real popu- 
latlon. The relationships become density vague be- 
cause of the effects of other, stochastic, processes (Ang 
& De Wreede 1992). 

Competition effects in stands of marine modular spe- 
cies are largely unexplored. Modular plants are made 
up by the reiteration of units sometimes called ramets, 
e.g. shoots or any vegetatively produced unit capable 
of functional independence (Hutchings 1979). Based 
on evidence from terrestrial studies, crowding would 
be expected to shape populations of ramets. 

Major discrepancies between terrestrial and marine 
studies may be summarized as follows: 

(1) In terrestrial plant populations, the most common 
effects of competition are reduced mean plant size 
(White & Harper 1970, Harper 1977) and reproductive 
output (Watkinson 1986, Weiner 1988). In contrast, 
plant weight and reproductive biomass of 3 Aus- 
tralasian fucoid species increased with density (Schiel 
1985). However, high density in Fucus vesiculosus 
populations resulted in reduced growth and reproduc- 
tive potential (Creed et al. 199613). 

(2) The growth of a terrestrial plant depends on sizes 
of neighbours (Westoby 1984), and often decreases 
with increasing density of larger neighbours (Hutch- 
ings 1986). Growth of marine plants may also be 
dependent on sizes of neighbours (Schiel & Foster 
1986). Canopy thinning enhances recruitment from a 
'bank' of pre-existing plants which depresses mean 
plant length, but may not affect maximum plant length 
(Creed et al. 1996b). Results from studies in seaweed 
populations on the effects of distance to nearest neigh- 
bour (Chapman & Goudey 1983) and density (Schiel & 

Foster 1986, Dean et al. 1989, Creed 1995) are incon- 
sistent. 

(3) Smaller terrestrial plants have higher relative 
growth rates than larger individuals, but, in competing 
populations, the smallest members have low or nega- 
tive rates (Hutchings 1986). Comparable studies on 
seaweed populations are lacking. 

(4 )  Intraspecific competition in terrestnal species 
does not necessarily cause ramet mortality (Kays & 

Harper 1974). Rather, ramet natality may be density- 

regulated in a way that precludes overpopulation 
(Thompson et al. 1990) and intraclone competition 
(Hutchings & Mogie 1990). In dense stands, ramet 
numbers may increase up to a stable level (Hutchings 
1979, Westoby 1984). Mechanisms of ramet density 
regulation are unexplored in seaweed populations. 

(5) In dense stands of terrestrial plants, only one or a 
few ramets per plant may reach full size. The remain- 
der are stunted (Westoby 1984). The development 
and underlying causes of such highly skewed size- 
frequency distributions have yet to be examined in 
modular seaweed. 

Discrepancies between findings for terrestrial and 
marine species likely stem from the fact that the exper- 
imental manipulations and conceptual frameworks 
used were not similar. The importance of modular 
structure in studies of seaweed stands has rarely and 
only recently been acknowledged (McLachlan et al. 
1988, Lazo et al. 1989). Studies of terrestrial modular 
plants assess growth either as biomass or ramet num- 
bers (e.g. Harper 1977), but not both. A modular plant, 
however, grows with the number and size of its ramets. 
Plants may be made up of many small vegetative ram- 
ets, or few large reproductive units (or any combina- 
tion thereof) and yet plant biomass may be the same in 
both cases. Thus, general conclusions cannot be drawn 
using just 1 variable. Conclusions apply only to the 
variables considered. 

Because of the existing contradictions and confusion, 
we undertook a comprehensive study of the effects of 
crowding on Ascophyllum nodosum, a brown seaweed 
with a modular construction. The ramets of A.  nodo- 
sum consist of linear branched shoots growing from a 
common holdfast. Short shoots are vegetative and most 
long shoots become fertile (Lazo 1992 and below). In 
established stands, holdfast densities are relatively 
constant through time (,&berg 1990, 1992, Lazo 1992). 
Crowding and, purportedly, stress increase with the 
length and density of individual ramets. The present 
study examines the effects of ramet crowding at a con- 
stant holdfast density. The study further attempts to 
distinguish between the effects of 2 components of 
crowding, ramet density and ramet length, and 
between the responses of plants and ramets. Attention 
was paid to issues in the literature listed above. The 
response of the overall stand (i.e. ramets and plants 
combined) and causal links of size were not objectives 
of this study. 

MATERIALS AND METHODS 

The species. An Ascophyllum nodosum plant con- 
sists of one to hundreds of ramets arising from a hold- 
fast. Fresh weights of individual plants in the studied 
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stand can be as high as 9.8 kg. On average, shoots are length classes were made up of combinations of 3 
about 23 cm long but they can reach up to 170 cm. ramet length classes, all common in wild stands. 
There is a direct and significant relationship between The effects of 'combination' were tested separately 
ramet weight and length (Lazo 1992). Thus, the longer on short, medium and long plants. For example, the 
the ramet, the greater the biomass. Holdfasts split and performances of short plants in low density S stands 
each fragment, with the ramets arising from it, consti- were compared with short plants in SM and SML low 
tutes another plant which grows and multiplies in the density stands (Fig. 1B). 
same manner. The clonally produced plants are 'bio- All treatment combinations were replicated 6 times 
logical individuals' which are struct'urally coherent, at the outset, but losses reduced the level of replication 
physiologically autononlous organisms (Urbanska to 4 in most cases. In only 2 treatment combinations 
1990). was the level of replication retained at 6 (low density, 

Study site. The population studied was located in SM; high density, SM). The design was therefore 
Lower Woods Harbour (65" 44' W, 43' 32' N), southern unbalanced, although orthogonal. 
Nova Scotia, Canada. The substratum was composed Response variables. Effects of crowding components 
mainly of large granite boulders fixed in a mixture of were observed on plants and ramets. Plant growth was 
sand, mud and cobbles. The stands of Ascophyllum assessed as changes in plant biomass and ramet fre- 
nodosum extended from the intertidal to shallow sub- quencies. Reproduction was measured as frequency of 
tidal and were largely monospecific. Individuals were reproductive ramets per plant. 
attached to boulders and thus cover was variable Individual plants were weighed before being placed 
depending on the dispersion of boulders. The stands in the experimental stands, and again upon completion 
are harvested commercially. of the study. Absolute growth was the difference in wet 

Experimental design. In naturally occurring stands biomass between the beginning and end of the study 
with relatively constant plant density (Aberg 1990, (21 mo period). Relative growth in biomass was the 
1992, Lazo 1992), crowding increases with plant size. change in logemass of the plant during the same period 
Because Ascophyllum nodosum is a modular species, (log,final mass - log,initial mass, Hutchings 1986). 
plants grow in size with the number and length of their Change in the number of ramets was the difference 
ramets. Therefore, crowding in the stands increases in the total number of ramets in a plant between the 
with the number and length of the ramets within beginning and end of the study. Change as proportions 
plants. There are thus 2 components of crowding, i.e. of initial frequencies was also assessed. Only ramets 
ramet density and ramet length within plants. Experi- 24 cm were considered in the assessment of numbers. 
ments in this study were designed to discriminate be- The initial number of ramets in a plant was known (see 
tween the effects of variations in the two by mani- 'Experimental design'). 
pulating ramet densities and lengths. 
In the statistical analysis the former 
factor is simply called 'density'. Be- A. Treatment variables 
cause wild A.  nodosum plants are made 'Ramet Density' 

up of various combinations of ramet 
lengths, the variation in ramet length 
within plants is called 'combination'. 

/' 
900/0.25 m2 

"X 
300/0.25 m2 

Plant numbers (but not ramet numbers) 
were the same in all experimental / /  'Combination' 

stands. S M L SM SML SML SM L M S 

levels of ramet were 
tested: 300/5/4m2 (low) and 900/ %m2 
(high, see 1). ~h~ levels are well 
within the range occurring naturally at 

S = short plants only in stand: 100% of rarnets 4-27.5 cm 
M = medium plants only in stand: 50% of ramets 4-27.5 cm; 50% of ramets 27.640 cm 
L = long plants only in stand: 50% of ramets 4-27.5 cm; 50% of ramets >40 cm 
SM = 50% short plants, 50% medium plants in stand 
SML = 33.3% short plants, 33.3% medium plants, 33.3% long plants in stand 

our site (maximum 961/'/4m2). There 
were 5 possible levels of 'combination' B. Comparisons 
which are coded short (S), medium (M), 
long (L), short/one-half 

and 

1. Performance at 2 densities of short plants in 'combinations' S, SM & SML 
2. Performance at 2 densities of medium plants in 'combinations' M, SM & SML 
3. Performance at 2 densities of long plants in 'combinations' L & SML 

third medium/one-third long (SML) 

(shown in Fig' l*)' The 'Odes are for Fig. 1. Experimental design. (A) Treatment variables, showing 2 levels of the 
experinlental stands with short, factor 'density' and 5 levels of the factor 'combination' (B) Comparisons in 
medium and long plants. The 3 plant statistical analyses 
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Frequency of reproductive ramets was the difference 
in the number of reproductive rarnets between April 
1989 and 1990. On both dates, we counted the number 
of ramets that attained reproduction in each plant and 
treatment. When the study began, in July 1988, ramets 
were in a vegetative state. 

Ramet response was assessed as the change in abun- 
dance within ramet length classes. Change in abun- 
dance was the difference in the number of ramets per 
length class in a plant between the start and the end 
of the study (see initial frequencies in 'Experimental 
design'). The estimate includes ramets that grow into a 
larger class, that break and move to a smaller one, and 
that become dislodged, i.e. the net change in number 
of ramets, not the transition rates. In some cases, plants 
lost ramets and thus there were fewer in a given class 
at the end of the study than at the start. Hence, some 
abundance values were negative. 

Statistical analysis. The effects of crowding attribut- 
able to ramet densities and combination of ramet 
lengths within plants on the response variables were 
analyzed with crossed-factor ANOVAs (2 X 2, or 2 X 3) 
for each plant length class. There were 5 levels of the 
factor 'combination', but individual ANOVAs used 2 
or 3 levels because each plant length was compared 
across stands separately (see above and Fig. 1B). Data 
from each plant length class or ramet length class were 
averaged for each replicate. 

Before running the ANOVAs, tests for normality 
(Kolrnogorov-Smirnov or residual plots) and homo- 
scedasticity (Cochran's) were run. In some cases, log 
transforms were required. Some values of ramet abun- 
dance were negative and thus could not be log trans- 
formed. To obtain values greater than zero, the lowest 
negative value plus 10 was added to each. Data were 
then transformed. All analyses presented here fit the 
assumptions. 

The power of the performed ANOVAs which yielded 
non-significant effects was estimated (Zar 1984). If the 
power was <80%, and all effects tested in the ANOVA 
were non-significant, results are not reported. If at 
least 1 effect in the ANOVA was significant, the table 
is included m the results. 

Implementation. Artificial stands were configured 
(in the most frequent naturally occurring size/density 
combinations) from plants collected in the wild. Plants 
were re-assembled on '4 m2 segments of metallic 
mesh. Numbers and lengths of ramets were adjusted to 
fit the experimental design. Plants which were too long 
were trimmed down. Plants which were too small were 
augmented with additional ramets of appropriate 
lengths. The fragments making up these 'plants' were 
sewn with fishing line to pieces of polyester fabric 
which were then attached to the '4 m2 metallic meshes. 
Each metallic mesh (i.e. experimental stand) contained 

6 'plants' with an appropnate ramet size/density com- 
bination. All ramets were in a vegetative state. The 
artificial stands were interspersed in the mid- to low- 
intertidal zone in an area without vegetation, immedi- 
ately adjacent to the original collection site. The ex- 
periment was installed in July 1988 and dismantled in 
April 1990. 

Because of routine harvesting, plants with cut ramets 
were extremely common in our stands. Sometimes, 
harvesting broke pieces of the holdfast. Also common 
were plants with holdfasts in close proximity, some- 
times physically touching each other, seemingly merg- 
ing or splitting. During the study, holdfast tissue grew 
around the fishing line and new rarnets were pro- 
duced. Thus, there was no evidence that the fishing 
line had a negative effect on the holdfast integrity or 
growth. 

To control for potential artifacts induced by sewing 
and/or the assembly of plant fragments, we ran a sep- 
arate experiment simultaneously. Wild plants on small 
rocks were collected. Each was prepared in the SML 
array (Fig. 1A) as short, medium and long plants wlth 
50 ramets each. In a few, rarnets were cut to fit the 3 
length classes. The difference between experimental 
and control plants was that the latter were naturally 
attached to the rocks (i.e. not sewn on a mesh) and 
were not made up of fragments of plants. To maintain 
the SML configuration, the rocks were cemented in 
place on a '4 m2 substratum. The controls for manipu- 
lation were made up in triplicate and interspersed with 
other treatments. The experiment ran between June 
1989 and April 1990, when we censused the numbers 
of rarnets in each length class. Comparisons were 
made within ramet length classes among control and 
manipulated stands. 

RESULTS 

A qualitative summary of treatment effects 1s pre- 
sented in Table 1. 

Formation of new ramets and change in 
ramet abundancellength class 

Significantly more ramets were produced at low 
density (300 ramets stand-') than at htgh denslty 
(900 ramets stand-') (ANOVA, p < 0.0001). In the low 
density stands, a tendency for lower ramet production 
was noticed when stands contained only plants within 
single length classes (S, M or L, Fig. 2a). In high ramet 
density stands, where all plants were long (L stands), 
practically no new ramets were produced in 2 yr. How- 
ever, the factor 'combination' had no significant effect 
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Table 1 Ascophyllum nodosum. Qualitative summary of effects of density and 'combinat~on' on selected response vanables. 
+: enhancement; -: negative effect; ns: no significant effect 

Response Treatment 
Density Combination 

Formation of new ramets - n S 

Ramet abundance in length categories Mostly + ns 
ns in large plants 

Absolute growth rate 

Relat~ve growth rate Mostly - 

ns in whole stands 
Long neighbours depress growth in short and long plants 

Frequency of reproductive ramets + ns 

Mostly ns 
Long plants depress growth in short plants 

on ramet emergence (ANOVA, p > 0.05). Similar results 
were obtained when changes in ramet abundance were 
analyzed as proportions of initial numbers (Fig. 2b). 
Proportional increases in ramet numbers were 7 times 
higher a t  low densities than at  high densities. 

The responses were broken down by plant length 
class (short, medium or long). Agaln, ramet formation 
was consistently lower in high density stands across all 
plant length categories (Fig. 3, Table 2). Averaging 
across the 3 plant length categories, 25 ramets plant-' 
were formed at high density, and 63 at  low density 
over 21 mo. In all categories of plants, the factor 'com- 
bination' had no significant effect on ramet formation 
rates. 

At the beginning of the study, ramets in short plants 
were all ~ 2 7 . 6  cm long. Two years later, there were 
ramets in the length categories 27.6-40 cm and 
>40 cm, with fewer in the shortest category than at the 
beginning (Fig. 4a, b, c). The number of ramets grow- 

ing out of the shortest size category was greater at high 
density than at low density (Table 3). High density sup- 
pressed the formation of new ramets in the shortest 
category. The factor 'combination' had no effect on 
ramet abundance by length category. 

The same trends were observed in medium plants 
(Fig. 4d, e ,  f). At the outset, these had ramets in 2 
length categories: 4-27.5 and 27.6-40 cm. At the end,  
there were ramets in the longest category (>40 cm) 
whose abundance was matched by losses from the 
next shortest category. The growth of ramets into the 
longest category from the next shortest occurred more 
frequently at high than at low ramet density (Table 4). 
The factor 'combination' again had no significant effect. 

At the outset, long plants had ramets in 2 length cat- 
egories: <27.6 cm and  >40 cm. Two years later, there 
were very few ramets in the intermediate length cate- 
gory (27.6-40 cm) (Fig. 4g, h ,  i) ,  indicating limited 
growth from the shortest length category and limited 

Fig. 2.  Ascophyllum nodosum. 
plant responses in low and 
high density stands with 5 
combinations of plant lengths. 
Data were averaged across 
short, medium and long 
plants; see Fig. 1 for explana- 
tion of plant length cate- 
gories. (a) Mean numbers of 
new ramets formed per plant. 
(b) Data in Fig. 2a expressed 
as a proportion of pre-existing 
ramets. (c) Absolute mean 
increase in mass per plant 
(d) Mean number of new re- 
productive ramets per plant. 

Means + SEs shown 

high rarnet density 

S SM M SML L 

2 
C 

.G 0 
: 2 
2 2 , -  
2 2 .- - c 
2 75 
.- 
r 
8 

- 
- 

9 
a 

7 

J m  0 , -  , 

- 

S SM M SML L 
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a 1 short ~ l an t s  

SM SML 

I b 

SML 

long plants 
60 

40 

20 

0 
SML L 

Fig. 3. Ascophyllum nodosum. Mean numbers of ramets 
formed in (a) short, (b) medium and (c) long plants in low and 
high density stands with 3, or 2 for long plants, combinations 
of plan: lengths. See.Fsg. 1 for an explanation of plant length 

categories. Means + SEs shown 

input from the longest category through breakage. At 
high ramet densities, the abundance of the longest 
ramets declined over the experimental period whilst 
there were minimal losses at low density. No effect of 
the factor 'combination' was found on ramet abun- 
dance within long plants (Table 5). 

Changes in ramet abundance were assessed in the 
experimental test for procedural artifacts. Compar- 
isons were made between plants attached to rocks and 
'plants' assembled on m2 metallic mesh. No signifi- 
cant differences (pairwise t-tests by ramet length cate- 
gory, p > 0.05) were detected. We conclude that arti- 
factual effects of the experimental sewing procedure 
were not evldent. 

Table 2. Ascophyllum nodosum. Effects of rarnet density and 
combination on the formation of new ramets by plants in each 
of 3 length classes of plants. Two-way fixed-factor ANOVA 

Plant Source of df Sum of F p 
length class variation squares 

Short Density 1 8185.73 8.46 <0.0001 
Combination 2 386.79 0.20 >0.05 
D x C  2 1757.39 0.91 >0.05 
Error 18 17425.96 

Medlumd Density 1 0.67 15.63 <O 0001 
Combination 2 0.03 0.39 > 0  05 
D x C  2 0.09 0.01 > O  05 
Error 18 0.78 

Long Density l 7830.24 27.37 0.003 
Combination 1 533.20 1.59 >0.05 
D x C  1 2.99 0.01 ~ 0 . 0 5  
Error 10 3350.06 

'Data loglo transformed 

Changes in plant wet mass 

Absolute mean plant weight increased more rapidly 
in high density stands than in low density stands 
(ANOVA, p < 0.0001; Fig. 2c). Hence, density had a 
positive effect on biomass increases and a negative 
effect on increases in ramet numbers (Fig. 2a, b vs c). 
The effects of ramet density were significant in 
short and medium plants but not in long plants (Fig. 5, 
Table 6). 

The factor 'combination' had no significant effects 
on absolute mean plant mass when entire stands 
were taken into consideration (ANOVA, p > 0.05). 
However, within the plant size categories 'short' and 
'long', the factor 'combination' was found to have sig- 
nificant effects (Table 6 ) .  In both cases, the presence 

Table 3. Ascophyllum nodosum. Effects of ramet density and 
combination on the abundance of ramets in 3 iength classes 

w~thin short plants. Two-way fixed-factor ANOVA 

Ramet Source of df Sum of F p 
length (cm] variation squares 

<27.6 Density 1 28588.59 31.50 <0.0001 
Combination 2 174520 0.96 >0.05 
D x C  2 2256.15 1.24 >0.05 
Error 18 16334.59 

27.6-40 Density 1 5172.67 48.88 <0.0001 
Combination 2 383.39 1.81 >0.05 
D x C  2 58.50 0.28 >0.05 
Error 18 1904.79 

Density 1 44.69 1.37 >0.05 
Combination 2 11 93 0 18 >0.05 
D x C  2 4341 067 > 0 0 5  
Error 1.8 585.39 
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Fig. 4. Ascophyllum nodoswn. 
Mean number of new ramets 
appearing in each of 3 ramet 
length categories in (a, b, c) 
short. (d, e ,  f )  medium and 
(g, h ,  i) long plants Plants 
were in low and high density 
stands with 3, or 2 for long 
plants, combinations of plant 

ramets <27.6 cm Iona 

- 6 0 1  
S SM SML 

-60- 
SM M SML 

ramets 27.6-40 cm long 
1 

4 
S SM SML 

SM M SML 

ramets 240 cm long 
1 

? S SM SML 

1 
SM M SML 

iengths. See Fig. 1 fo; ex- a 6 
planation of plant length 
categories Negat~ve values 
are losses in a particular 
ramet length category. Note, p = -20 losses are matched (approxi- 

-40 mately) by increases In lower 
-60 

or higher categories. Means + SML L SML L SML L 
SEs shown high rarnet density low ramet density 

of long neighbours was found to depress growth 
(Fig. 5). 

Relative growth rate in whole stands was higher at 
low ramet density than at high density, except in M 
stands where there was no obvious difference. Similar 
trends were found when responses were broken down 
by plant length category (Table 7 ) .  However, statisti- 
cally significant effects of density were found only in 
short plants (ANOVA, p = 0.003). The power of the 
ANOVAs was very low in tests with non-significant 
effects. Overall, the direction of effects of ramet den- 
sity on growth rate (positive or negative) depended on 
whether absolute or relative rate estimates were used. 

The factor 'combination' had statistically significant 
effects on relative growth rate in short plants only 
(ANOVA, p = 0.02). Relative growth of short plants 
decreased with the number of long plants in the stand. 

DISCUSSION 

Because of the indeterminate nature of growth in 
plants, intraspecific crowding is a function of both den- 
sity and size. The same is also true of animals, such as 
mussels, whose growth is indeterminate. In such 
organisms, it is of little use to consider the effects of 
density alone. The issue is even more complicated in 
organisms, such as Ascophyllum nodosum, which have 
a n~odular construction. In A. nodosum, plant size is 
a function of the number and length of individual 
ramets. For these reasons, we examined the effects of 

Table 4 .  Ascophj~llurn nodosurn. Effects of ramet density and 
combination on the abundance of ramets in 3 length classes 

within medium plants Two-way fixed-factor ANOVA 

Reproduction 

The abundance of new ramets achieving reproduc- 
tion increased significantly with density in whole 
stands and in all plant size categories (Figs. 2d & 6, 
Table 8) with the exception of long plants in L stands 
(Figs. 2d & 6 ) ,  where frequencies were similar among 
densities. Across all combinations, about 8 and 20 
ramets plant-' attained reproductive status at low and 
high ramet densities, respectively. 

The factor 'combination' had no significant effects on 
reproductive status (Table 8).  

Ramet Source of df Sum of F p 
length (cm) vanation squares 

- -- 

<27.6 Density l 0.21 29.09 <0.0001 
Combination 2 0.01 0.76 >0.05 
D x C  2 0.03 2.48 >0.05 
Error 18 0.13 

27.6-40 Density 1 8114.25 646.53 <0.0001 
Combination 2 63.76 2.54 >0.05 
D x C  2 73.85 2.94 >0.05 
Error 18 225.91 

>40 Density 1 7072.22 119.85 <0.0001 
Combination 2 45.24 0.38 >0.05 
D x C  2 43.41 0.06 >0.05 
Error 18 1062.22 
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Table 5. Ascophyllum nodosum Effects of ramet dens~ty and 
combinat~on on the abundance of ramets In 3 length classes 

withln long plants Two-way flxed-factor ANOVA 

Ramet Source of df Sums of F p 
length (cm) variation squares 

<27.6 Density 1 120711.2 8.38 0.01 
'Combination' 1 228846.3 7.94 0.003 
D x C  1 85276.3 2.96 >0.05 
Error 10 259401.7 

27.6-40 Density 1 1431850.7 15.64 0.001 
'Combination' 1 320818.2 1.75 >0.05 
D x C  1 61992.5 0.34 >0.05 
Error 10 1648343 

>40 Dcnsity 1 1569.8 0.01 >0.05 
'( 'ombination' 1 639089.6 5.74 0.04 
D x C  1 41918.9 0.38 >0.05 
Error .O 1113968 

a short plants 

200 
S SM SML 

b medium plants 

C long plants 

SML 

Fig. 5. Ascophyllum nodosum. Absolute mean increase in 
mass of (a) short, (b) medium and (c) long plants in low and 
high stands with 3, or 2 in long plants, combinations of plant 
lengths. See Fig. 1 for explanation of plant length categories. 

Means + SEs shown 

Table 6. Ascophyllum nodosum. Effects of ramet density and 
combination on absolute changes in we~ght  by plants in 

each of 3 length classes. Two-way fixed-factor ANOVA 

Plant Source of df Sums of F p 
length class variation squares 

Short Density 1 120711.2 8.38 <0.01 
'Combination' 2 228846.3 7.94 0.003 
D x C  2 85276.3 2.96 >0.05 
Error 18 259401 7 

Medium Denslty 1 1431851 1564 <0.001 
'Combination' 2 320818.2 1.75 >0.05 
D x C  2 61992.5 0.34 >0.05 
Error 18 1648343 

Long Density 1 1569.8 0.01 >0.05 
'Combination' 1 639089.6 5.74 0.04 
D x C  1 41918.9 0.38 >0.05 
Error 10 1113968 

crowding through manipulation of density and plant 
length (factors: 'density' X 'combination' of ramet 
lengths). Density depends on the numbers of ramets 
per plant and the number of plants per unit area. Plant 
densities are relatively constant through time (Aberg 
1990, 1992, Lazo 1992), and so we chose a fixed num- 
ber of plants per unit area and varied the component 
ramet densities. Plant sizes were adjusted by manipu- 
lating the combinations of long and short ramets for 
each level of density. 

The complexity of modular constructions also pre- 
sented us with a wide array of potential response vari- 
ables. We selected variables that would help resolve 
the contradictions outlined in the 'Introduction'. 

The absolute rate of biomass increase was enhanced 
by increasing ramet density. The finding is consistent 
with those of Schiel & Choat (1980) and Schiel (1985), 
who showed that, in 3 species of New Zealand sea- 
weeds, biomass increased with density. Conversely, 
density reduces growth rate in land plants (White & 
Harper 1970, Harper 1977). Pterygophora californica 
plants in low density stands also gained in volume sig- 
nificantly more than in high density stands during per-i- 
ods of high growth (Reed 1990). The mechanism by 
which increasing density enhances absolute growth 
rates is not immediately apparent. Growth in Asco- 
phyllum nodosum may occur during periods of emer- 
gence at low tide (Stromgren 1981, 1983). Metabolic 
activity in fucoids starts shutting down as dehydration 
of tissues increases. Crowding of shoots slows down 
desiccation in clumps of seaweeds (Hay 1981), and this 
could be the mechanism whereby growth is enhanced 
in A. nodosum. Bertness & Leonard (1997) also found 
that increased density enhanced the growth of A. 
nodosum. In their experimental study, density was var- 
ied in combination with shading and shore height. The 
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Table 7. AscophyUwn nodosum. Relabve growth rates (InWeightVnd - lnWeightw,.,,.,j) 
of short (S), medium (M) and long (L) plants by density and combination 

Treatment 
Density Combination 

Low S 
Low SM 
Low M 
Low SML 
Low L 
High S 
High S M 
High h1 
High SML 
High L 

Short plants 
Mean SD 

Medium plants Long plants 
Mean SD Mean SD 

density effect interacted with the other factors. There 
was no effect of density low on the shore or when 
shading was applied. The result strongly suggests 
that increasing density reduces dehydration, which, in 
turn, promotes growth. 

a short plants 

l 

h SML 

G, 

b medium plants 

> .- - 

C 

0 

e, 

5 O  SM M SML 
C 

c long plants 

10 

0 
SML L 

Fig. 6 .  Ascophyllum nodosum. Mean numbers of new repro- 
ductive ramets formed in (a) short, (b) medium and (c) long 
plants in low and high density stands with 3, or 2 in long 
plants, combinations of plant length classes. See Fig. 1 for 
explanation of plant length categories. Means + SEs shown 

The ramets that were present at the 
beginning of the study grew faster into 
the longer categories at high density 
than at  low density. The growth to 
longer classes is the reason for the 
faster increase in absolute plant mass 
at higher density. Ramet length struc- 
ture ('combination') had no significant 
effect on the growth from one ramet 
length class to another. 

Increasing length of neighbours (fac- 
tor 'combination') depressed the ab- 
solute biomass growth of short plants 

2 and of long plants also. This occurred 
in low and high density stands. The 

finding is consistent with those for terrestrial plants 
(Westoby 1984, Hutchings 1986). The effect of 'combi- 
nation' was more severe in long than in short plants. In 
the presence of long neighbours when ramet density 
was low, the absolute weight increase of long plants 
was depressed by a factor of 8 (comparison between 
long plants in SML and L stands). In short plants, the 
presence of longer neighbours (SML vs S stands) 
depressed growth by a factor of 1.2. Hence, crowding 
is even more important for individuals in the canopy 
than for those underneath. This finding is not consis- 
tent with those for land plants. 

At low densities, the shortest plants generally had 
the highest relative growth rates (as biomass increase), 
as expected. At increased density, the relative growth 
rate of short plants was higher than the rates of 
medium and long plants only in the combination S 
(short plants only present). In the presence of long 
plants (combinations SM and SML), the growth of 

Table 8. Ascophyllurn nodosurn. Effects of ramet density and 
combination on the formation of reproductive ramets by 
plants in each of 3 length classes. Two-way fixed-factor 

ANOVA 

Plant Source of df Sum of F P 
length class vanation squares 

Short Density 1 1759.88 48.69 <0.0001 
Combination 2 4.46 0.06 >0.05 
D X C 2 43.36 0.60 >0.05 
Error 18 650.63 

Medium Density 
Combination 
D x C  
Error 

Longd Density 
Combination 
D x C  
Error 

I 'Data log,. transformed I 
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short plants was depressed at high density. All of these 
findings for relative growth rate are concordant with 
those for land plants (Hutchings 1986). 

In terrestrial plants, increasing density results in 
reduced ramet natality, and overpopulation is, in this 
way, avoided (Hutchings & Moogie 1990, Thompson 
et al. 1990, De Kroon & Kwant 1991). Ascophyllum 
nodosum behaved similarly. It is posslble that low lev- 
els of illumination at the holdfast (caused by canopy 
shading) reduce branch inception (Cousens 1982, 
1985). However, the length structure of the experi- 
mental stands (factor: 'combination') had no significant 
effect on ramet inception. Since shading must change 
with plant length, it is perhaps unlikely that varia- 
tion in light level is the proximate determinant of the 
density effect. 

In addition to enhancing gains in absolute weight, 
high ramet density increased the abundance of repro- 
ductive shoots. The 2 effects are correlated because 
only the longer shoots achieve reproduction (Lazo 
1992), and gains in absolute weight were achieved 
through length increases in pre-ex~sting shoots and not 
by the inception of new shoots. Our result is in agree- 
ment with the findings of Shiel & Choat (1980) and 
Schiel (1985), who demonstrated that fertility and the 
onset of reproduction in 3 species of New Zealand sea- 
weeds was positively related to density. The positive 
d.ensity-dependence of reproduction in seaweeds 
contrasts sharply with negatively density-dependent 
fecundity found in land plants (Watkinson & Harper 
1978). Indeed, the negative form of the relationship is 
seen as one mechanism by which population density is 
regulated. If high density depresses fecundity, this has 
a delayed negative feedback on crowding which is 
expressed in the next generation. In Ascophyllum 
nodosum, the issue is complicated because recruit- 
ment from zygotes i.s so rare (Lazo et al. 1994). Nearly 
all new shoots are added by vegetative regeneration 
from existing holdfasts. Thus, any influence of density 
on sexual fecundity will likely have minimal effects in 
the regulation of population size. 

Since most new shoots are added vegetatively to the 
population, and since ramet natality is negatively den- 
sity-dependent, it is clear that t h s  is the primary 
method of population regulation. Of the 2 components 
of crowding, ramet density and length, only the former 
has a regulating effect on ramet natality. Indeed, 
whereas ramet densities had both positive and nega- 
tive effects on most of the response variables tested, 
the length structures of the stands had far fewer signif- 
icant effects. Furthermore, we had expected density 
effects to operate interactively with stand length struc- 
ture since crowding should increase with both density 
and ramet length. In fact, the interaction between den- 
sity and length was not important. Surprisingly, we 

found that, as in populations of animals with deter- 
minate growth, density alone can be considered a 
regulator of demographic processes. It is not immedi- 
ately clear why plant length is a relatively unimportant 
component of crowding in Ascophyllum nodosum. The 
most likely resource in limiting supply may be light 
beneath the canopy, as has been found in terrestrial 
modular species (see Deregibus & Trlica 1990, De 
Kroon & Kwant 1991), although nutrient supply may 
also be important (Creed et al. 1996b). At both high 
and low tide, the canopy of longer plants would appear 
to capture most of the light resource, and on this basis 
alone, we would have expected an effect of stand 
length structure. At this point, the issue remains enig- 
matic. I t  may well be that our findings apply only to 
long-lived modular species. Discrepancies with con- 
ventional theories, however, will emerge only if exper- 
imental design and response variables take into 
account the modular structure of the species. 
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