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ABSTRACT: A general 9 X 9 matrix model based on recruit stages and plant size is proposed for a 
population of the brown alga Fucus distichus L. emend. Powell in False Creek, Vancouver, Canada. 
Twenty-six matrices were constructed each representing a monthly time interval covering the period 
from July 1985 to November 1987. Yearly matrices were also constructed as a product of monthly 
matrices covering periods of 1 yr. The characteristics of these matrices were evaluated by comparing 
the dominant eigenvalue (i.e. the population growth rate, A), the stable distribution, and reproductive 
values for each matrix. The relative contribution of each matrix parameter to population growth was as- 
sessed using elasticity analysis. The survival and transition of the plants among size classes contribute 
at least 50 % to the population growth rate. However, because E distichus plants do not exhibit vege- 
tative regeneration, the population can only experience positive growth in the presence of recruitment. 
Absence of a germling bank has little effect on monthly projected population growth, but can reduce 
the population growth rate projected from the yearly matrix by as much as 83%. Current population 
size structure is very different from the projected stable distribution. The stable distribution generally 
has a large proportion of the plants in the recruit stage. Reproductive values are positively related to 
plant size but are comparable among the largest 4 size classes. Random combinations of monthly, sea- 
sonal, or yearly matrices were used to simulate population growth under various fluctuating environ- 
mental conditions. A negative growth rate was obtained in >60% of the simulation runs. In reality 
within the sampling period covered, the population is on the decline. I t  is likely that this population 
may recover by occasional pulses of a large number of recruits, as was observed in 1986. 

INTRODUCTION 

Mathematical models are tools used to provide 
insight into the observed natural patterns of various 
populations. They can help point out gaps in our 
understanding of the dynamics of these populations 
and hence suggest future directions for research. 
Attempts to model algal populations were often asso- 
ciated with the need to exploit algae as a resource and 
to provide a basis for sound management of this 
resource. Several approaches have been made, each 
utilizing different types of models. The seasonal 
growth of the giant kelp Macrocystis pyrifera (L.) C. 
Ag was modelled by Anderson (1974). Silverthorne 
(1977) developed an optimal harvesting strategy for 
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Gelidium robustum (Gardn.) Hollenberg & Abbott. 
Seip (1980) used a logistic model to evaluate the opti- 
mal harvesting for Ascophyllum nodosum (L.)  Le Jol. A 
stochastic model was utilized by Smith (1986) to pre- 
dict the outcome of annual harvesting on the inter- 
action between Laminaria longicruris De la Pylaie and 
L. digitata (Hudson) Lamouroux and on the yield of 
their biomass using different harvesting strategies. 
Jackson (1987) modelled the growth and biomass yield 
of M. pyrifera. Ang (1987) and Ang et al. (1990) used 
projection matrix models to assess harvesting strate- 
gies for Sargassum spp. and Iridaea splendens 
(Setchell & Gardner) Papenfuss respectively. 

In recent years, models were also developed to 
evaluate the basic biology and ecology of algal popu- 
lation~. Jackson et al. (1985) assessed the morpho- 
logical relationships among fronds of Macrocystis 
pyrifera. Nisbet & Bence (1989) developed a family of 
models depicting a simplified relationship between 
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juvenile recruitment and adult population density of 
this same species, incorporating a recruitment in- 
hibitory factor represented by a random variable. 
They found that despite the overly simplified assump- 
tions in their models, they were able to produce 
patterns of fluctuation in the population density very 
similar in range to those observed in nature. Their 
models indicate that factors affecting recruitment may 
be very important in determining the dynamics of the 
giant kelp population. Burgman & Gerard (1990) de- 
veloped a more comprehensive model of M. pyrifera, 
incorporating life history stages, environmental and 
demographic stochasticity, and density-dependent 
interactions. Their model can predict the monthly 
changes in the density of each stage of the population 
for up to 20 yr. Demographic characteristics of other 
species of algae have also been modelled, e.g. De 
Wreede (1986) used a matrix model to evaluate 
changes in the age class distribution of Pterygophora 
californica Ruprecht. Similarly, Aberg (1992a, b) used 
a matrix model to assess and simulate changes in the 
vital rates of 2 populations of Ascophyllum nodosum 
in different environments exposed to annual variation 
of winter ice cover. 

In a previous paper (Ang & De Wreede 1990), we 
presented matrix projection models based on size and 
stage that can be used with algae having different 
basic types of life histories. Matrix models for Sar- 
gassum siLiquosum J. Ag. and Laminaria longicruris 
were developed to show the utility of these models. 
Using these models, one of the questions that can be 
asked about the population is what would happen to 
the population if the conditions defined by the matrix 
remain unchanged? By comparing the 'fates' of the 
population subjected to the constraints of different 
matrix elements, the significance of the different 
transition probabilities experienced by the population 
at different times can be evaluated. Furthermore, 
elasticity analysis can be used to assess the relative 
contribution of each matrix element to population 
growth rate (de Kroon et al. 1986). 

In this paper, a general matrix model based on 
recruitment stages and plant size is developed for the 
Fucus distjchus L. emend. Powell population in False 
Creek, Vancouver, British Columbia, Canada. Transi- 
tion matrices and their products were constructed to 
represent the behaviour of the population in monthly, 
seasonal and yearly time intervals. Based on these 
models, the importance of recruitment and the relative 
contribution of each matrix parameter to population 
growth rate were assessed. To simulate different 
fluctuating environments conceivably faced by the 
population, random combinations of monthly, sea- 
sonal, and yearly matrices were generated and the 
effect of these on population growth rate evaluated. 

THE POPULATION OF FUCUS DISTICHUS 

The population of Fucus distichus in False Creek, 
was monitored monthly from July 1985 to November 
1987 within 3 permanent quadrats (0.25 m2) for 
patterns of recruitment, age- and size-dependent 
reproduction, growth and mortality. Using log linear 
and association analyses, age and size were both found 
to be statistically significant as descriptors of these 
demographic parameters, but size was more important 
than age (Ang 1991a, b). 

Reproductive plants were found throughout the 
sampling period, but peaked in fall and winter of each 
year. However, peaks in recruitment of microscopic 
germlings (< 1 mm microrecruits) were not always 
followed by peaks in the recruitment of macro- 
scopic plantlets (macrorecruits) within the permanent 
quadrats. This may be due to a differential survivorship 
of microrecruits over time or to the possible existence of 
a 'germling bank'. Patterns of survival and emergence 
of macrorecruits may be independent of those of 
microrecruits or may be unrelated to the prevailing 
reproductive phenology. More detailed information on 
various phenomena related to the demographic para- 
meters of this population are given in Ang (1991a, b, 
1992) and Ang & De Wreede (1992), as well as in the 
relevant sections below. 

THE MODEL 

Fucus drstichusplants exhibit only a sporophyhc phase 
of the life history (Bold & Wynne 1985). The dynamics of 
the E distichus population can thus be appropriately 
described by a monophasic matrix model (Ang & De 
Wreede 1990). Detailed monthly monitoring of the fate of 
individual plants within the permanent quadrats pro- 
vided the basic information on the dynamics of the pop- 
ulation in False Creek. Twenty-six matrices were con- 
structed each representing a transition period of 1 mo 
(except for one representing the 2 mo period from July to 
September 1985 and another one, from October to 
December 1986). Thus, the total sampling period 
covered from July 1985 to November 1987 was 28 mo. 

Plants were divided into 6 size classes, with Size 
Class 1 (< 1 cm in length) representing the macro- 
recruits. No plant <4.5 cm in length was found to be 
reproductive (Ang 1991a), so all plants 2 1 and ~ 4 . 5  cm 
in length were grouped as Size Class 2. All the re- 
maining plants were grouped in size classes with equal 
size class interval of 5 cm, with the exception of Size 
Class 6 which included all plants > 19.5 cm in length. In 
addition, data on settling blocks set out in the field 
provided information on the recruitment of the micro- 
recruits, as distinguished from the recruitment of 
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macrorecruits into the permanent quadrats (Ang 
1991a). There was generally a 4 mo lag between the 
release of gametes by the reproductive plants and the 
time when the germlings became visible macrorecruits 
(Ang & De Wreede 1992). Hence, 3 recruitment stages 
(Microrecruit Stages 1, 2 and 3) were represented in 
each matrix to account for this transition, with a fourth 
stage equivalent to macrorecruits in Size Class 1. The 
basic 9 X 9 transition matrix is therefore more complex 
than the monophasic matrix described in Ang & De 
Wreede (1990) and is of the form: 

where R = the probabihty of moving from one recruit- 
ment stage to the next, with Rg and R, representing 
respectively the probability of microrecruits becoming 
visible macrorecruits < 1 cm (i.e. Size Class 1) or 2 1 to 
<4.5 cm in size (i.e. Size Class 2) ;  G = the probability of 
staylng as rnicrorecruits, i.e. of staying in the germhng 
bank; F= the fecundity value for each size class; and P =  
the probabhty of monng from one size class to the other. 
Where a transition is not possible, it is represented by a 0. 

As indicated by the dotted lines, the transition matrix 
M can be partitioned into 4 submatrices as: 

where A describes the transition among the recruits, 
and B, the transition from microrecruits to macro- 
recruits in Size Class 1, as well as to larger size classes. 
C describes the fecundity, i.e. the contribution of larger 
plants to microrecruits, and D, the transition among 
plants in different size classes. 

The basic column vector represents the distribution 
of the individuals in the different recruitment stages 
and size classes and is given as a matrix: 

Microrecruit Stage 1 
Microrecruit Stage 2 
Microrecruit Stage 3 
Size Class 1 (< 1 cm) 
Size Class 2 (1 -<4.5 cm) 
Size Class 3 (4.5-<9.5 cm) 
Size Class 4 (9.5-< 14.5 cm) 
Size Class 5 (14.5 -<19.5 cm) 
Size Class 6 (2 19.5 cm) 

Growth of the population is then defined by: 

N,+1 = MN, 

where t is time 

PARAMETER ESTIMATION 

Transition among the size classes (P)  

Any plant (macrorecruit) in any size class can 
become longer within a time period t to t + 1 due to 
growth and move to a larger size class, or become 
shorter due  to die back or degeneration of receptacles 
or terminal branches and move to a smaller size class. 
The plant may also stay in the same size class if growth 
or die back is not large enough. 

Individual plants in the permanent quadrats were 
mapped separately and measured each month from 
the base of the holdfast to the tip of the longest branch. 
They were sorted into 6 size classes defined in the 
column vector N .  Their 'fate' over each month was 
scored according to whether they survived and,  if they 
did, whether they became larger, smaller or showed no 
change in size. The probability of moving into different 
size classes was then calculated to give the elements 
E , .  A separate matrix was constructed for each quadrat 
for each month. The mean of each transition probabil- 
ity of the 3 matrices for each month was calculated and 
used as the submatrix D of the final monthly matrix M. 

Fecundity (F) 

Plants in Size Classes 1 and 2 never became repro- 
ductive (Ang 1991a), their fecundity values were 
therefore always nil. For reproductive plants in larger 
size classes, the potential number of eggs produced by 
the plant is size-dependent, but the actual number 
produced is not. The former was measured as the 
number of eggs found in the conceptacle per unit area 
of the receptacle. The latter was demonstrated based 
on the number of egg  clusters released from recep- 
tacles of known sizes (Ang 1991a). The number of eggs 
(zygotes) entering the population as new recruits is 
therefore independent of the plant size. Fecundity 
values for plants in the other 4 size classes can be 
calculated in terms of the mean number of micro- 
recruits recorded on settling blocks every month (R). 
The number of microrecruits produced per reproduc- 
tive plant ( Z )  per month is given as: 

z = 
R for i = 3, 4, 5 ,  6, 

C (W n,) 
where is the mean proportion of reproductive indi- 
viduals, and n,, the mean number of individuals in each 
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size class i. The fecundity value 6 for each size class i 
is therefore calculated as: 

with F being a function of the mean probability of the 
individual plants being reproductive. 

The actual number of mlcrorecruits was recorded 
only starting in November 1985. The numbers of 
microrecruits for September and October 1985 were 
calculated a s  a mean of the number of rnicrorecruits of 
the same months in the following 2 yr. The number of 
microrecruits in July 1985 was back-calculated based 
on the data of macrorecruits in November 1985. The 
mean number of microrecruits for July 1986 and 1987 
was too small to account for the number of macro- 
recruits in November 1985, hence could not b e  used to 
fit the model. Between April and August 1986, and 
July and August 1987, no microrecruits were recorded 
in the settling blocks (Ang 1991a). In order to maintain 
the irreducibility of the transition matrices represent- 
ing these months (i.e. to avoid having one row of the 
matrices with all 0 values), fecundity for each of the 
4 size classes was given a very small value of 1 X 10-1°. 

was estimated as a ratio between the number of Stage 
3 microrecruits and the number of macrorecruits. A 
few macrorecruits were > 1 cm when first detected, so 
that it is possible for a Stage 3 microrecruit to become 
a member of Size Class 2 within a single transition 
period. 

Germling bank ( G )  

The presence of a germling bank was suggested in 
Ang (1991a) to account for the continuous presence of 
macrorecruits in the permanent quadrats throughout 
the year despite the absence of any microrecruits in 
summer. As Microrecruit Stages 1 and 2 are monthly 
stages, they would have to move on to a n  older stage in 
every monthly time step. Microrecruits could thus stay 
in the germling bank only after they reach Stage 3. The 
probability of staying in the germling bank was esti- 
mated based on a factor of 22 %, similar to that used in 
the estimation of the probability of transitions from RI 
to R, and R, to R3. 

METHODS OF ANALYSIS AND SIMULATION 
Transition among microrecruits (R, and R,) 

Microrecruits at  the initial stages survived better 
a t  higher density, although this positive density- 
dependence is relatively weak (Ang & De Wreede 
1992). Twenty-two percent of the microrecruits sur- 
vived the first 2 mo after being seeded in the density 
blocks in November 1986 (Ang & De Wreede 1992). 
Estimates of microrecruit survivorship (R, and  R2) at  
different time periods were based on a factor of 22 %, 
taking into account the positive effect of density. 

Since only the number of microrecruits, based on the 
settling blocks, and that of macrorecruits, based on the 
permanent quadrats, were known from field observa- 
tion, the number of recruits between these stages (i.e. 
Microrecruit Stages 2 and 3) can only be hypothetical 
values. The number of Stage 3 microrecruits in July 
1985 was set at 1000. This is approximately the smallest 
value that can account for the number of macrorecruits 
recorded in the permanent quadrats in September 1985, 
given a microrecruit survivorship of approximately 3 % 
(Ang 1991a). The number of Stages 2 and 3 micro- 
recruits in the subsequent months was calculated based 
on the estimated survivorship for each stage. 

Transition from micro- to macrorecruits (Rg and Rq) 

It is assumed that only a Stage 3 microrecruit can 
become a macrorecruit. This transition probability 

Construction of the transition matrices is a n  attempt to 
describe the dynamics of the population as realistically 
as possible in mathematical terms. Both the elements of 
the submatrix D and those of the column vector are  
mean values estimated from the 3 quadrats and,  there- 
fore, have variances around their respective means. 
However, fecundity values, transitions among micro- 
recruits, and transitions from micro- to macrorecruits 
cannot be estimated from the 3 permanent quadrats 
separately. All 3 quadrats were located within the same 
population and  highly localized recruitment confined 
only within each quadrat, while possible, was unlikely. 
Furthermore, the micro-recruitment data on the settling 
blocks represented recruitment for the whole pop- 
ulation, and not for any particular quadrat. Macro- 
recruitment data, on the other hand, were based on in- 
dividual quadrats. Under these constraints, elements of 
submatrices C and D were assumed to be fixed for each 
matrix. Transition values for the microrecruits and those 
from micro- to macrorecruits were then fine-tuned in an 
iterative manner in order to achieve a resulting popula- 
tion distribution within + 1 SE of the mean value of the 
actual distribution estimated from the 3 quadrats. This 
was largely successful except for the months of May to 
June and June to July 1986 where the simulated popu- 
lation size is much larger than that of the actual field 
population (Fig. 1, Total). This discrepancy is mainly due 
to a larger simulated Size Class 1 population over this 
time penod (Fig. 1 ,  Size Class 1). Except for this dis- 
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2000 SIZE CM!SS 1 CLASS the dominant eigenvalue of the transi- 
o FIELD DATA tion matrix (Leslie 1945, Caswell 

1600 M SlMUMTED 1989). Matrix M, which includes all the 
1200 matrlx parameters (i.e. P, F, R and G ) ,  

8 0 0  can be compared with submatrix D,  

400 
w h c h  lncludes only the matrix parame- 
ter P. The dominant eigenvalue for ma- 

E trix M estimates the overall population 
..SIZE CLASS 2 45 SIZE CLASS 5 growth rate, that for submatrix D the 

population growth rate due  to the sur- 
(\! 600 viva1 and transition of plants in the size 

classes (P) alone. By comparing the 2 
eigenvalues, the relative effect of 

200 recruitment and reproduction versus 
t survival of plants on population growth z o  can be assessed. The dominant eigen- 

SIZE CLASS 6 value was calculated for each monthly 
M and D to evaluate differences in the 
population growth rate at any point in 
time. It was also calculated for each 
monthly matrix with G set to 0. This is 
to assess the relative effect of the ab- 
sence of a gerrnling bank on the popu- 
lation growth. A dominant eigenvalue 

z > 1 indicates that the population is 
growing, a value < 1 indicates that the 
population is declining. An eigenvalue 
= 1 suggests that the population is 
neither increasing nor decreasing. 

Elasticity analysis (de Kroon et al. 
1986) measures the relative contribu- 

J A O D F A J A O D F A J A O D  tion of each matrix entry to population 
1985 1986 1987 

Tl M E 
growth. The sum of all contributions 
equals 1. This technique was used to 

F I ~  1 Fucus dlstichus. Mean no. of plants in each size class and total no. of the each 
plants recorded from f~e ld  observations over time, compared w ~ t h  the number matrix paranleter to population growth 
simulated from the matrix models. Dotted out l~nes  indicate the upper and lower at each month, i.e. the proportional 

boundaries of 1 SE of the field estimates sensitivity of population growth rate 
to each matrix entry. 

crepancy, these monthly matrices project the distribu- When the population is growing at a constant growth 
tion of this Fucus distichus population relatively well rate (h) ,  a stable distribution characterized by a con- 
and further analyses can be made on these matrices to stant relative proportion of each recruit stage and size 
understand the dynamics of this population. A complete class is attained. The stable distribution is the right 
listing of all the monthly matrices and monthly size class eigenvector corresponding to the dominant eigenvalue 
distribution of the population is given in Ang ( 1 9 9 1 ~ ) .  of each matrix (Caswell 1989). The stable distribution 
These matrices represent information on a total of for each monthly matrix M was calculated and then 
58 402 observations made over the sampling period. compared, using a chi square-test, with the observed 

distribution of the plants in the field to assess the rela- 
tive stability of the plant distribution. The reproductive Analysis of the model 
value for each monthly matrix M was also calculated. 

Monthly matrix The reproductive value is the left eigenvector corre- 
sponding to the dominant eigenvalue (Leslie 1948, 

A population undergoing changes as defined by a Caswell 1989). It is a measure of the relative contribu- 
transition matrix will eventually grow at a constant tion or importance of each recruit stage or size class to 
growth rate (h ) .  Thls growth rate can be calculated as future generations of the population. 
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Yearly matrix 

In this Fucus distichus population, macrorecruits 
were present every month throughout the sampling 
period (Fig. 11 in Ang 1991a). In each month and 
thereafter, the conditions that these new individuals 
were facing would conceivably be different from those 
faced by other individuals recruited at other months. If  
these individuals were assumed to grow on a yearly 
cycle, the dynamics of growth and mortality that they 
experienced can be assessed using a yearly matrix. 

A yearly matrix Y was constructed by obtaining the 
product of monthly matrices corresponding to a period 
of 1 yr, e.g. July 1985 to July 1986. Starting from July 
1985 and then each month subsequently, 16 yearly 
matrices were obtained. The last yearly matrix covers 
the period from December 1986 to November 1987, the 
end of the sampling period. A complete listing of the 
yearly matrices is given in Ang (1991~) .  

The dominant eigenvalue of each yearly matrix, as 
well as that of the product of the submatrix Dy corre- 
sponding to a period of 1 yr, was calculated. In addi- 
tion, the eigenvalue of each yearly matrix, derived 
from monthly matrices with C set to 0, was also cal- 
culated. These different eigenvalues were compared. 
Elasticity analysis, stable distribution and reproductive 
values of each yearly matrix were also calculated. 

Simulation and projection 

The product of all the monthly matrices is a matrix T 
describing the transition of the population over the 
whole sampling period from July 1985 to November 
1987. The population may be projected to grow follow- 
ing the parameters defined by this matrix. Population 
growth rate over the 28 mo sampling period is then 
given by the dominant eigenvalue of matrix T. This 
assumes that population growth follows a cycle defined 
invariably by the 28 mo period sampled. This undoubt- 
edly represents only one of the possible patterns that 
may be exhibited by the population. Other possible 
patterns of growth may be defined by the monthly, 
seasonal, or yearly matrices. These patterns may be 
simulated by a randomized combination of different 
individual matrices or matnces grouped in different sea- 
sons or years and projected over a fixed period of time. 

12 mo cycle from November to November was not 
changed. The growth of the population was projected 
over a 60 mo period (5 yr) 100 times. The growth rate 
for each resulting matrix was calculated, and the mean 
growth rate of these 100 replicates, the standard devi- 
ation, and the highest and lowest growth rates were 
recorded. 

This approach is conservative in the sense that at any 
one month, the dynamics of the population would be 
defined only by one of the 2 matrices. These matrices 
may not represent the effect of the full range of 
environmental extremes that the population may 
conceivably face in nature. 

Randomized seasonal matrices 

The dynamics of population growth may be related to 
seasonality. To simulate this, monthly matrices were 
grouped to represent the 4 seasons. Each seasonal matrix 
S is a product of 3 monthly matnces, e.g. a winter matrix 
is represented by the product of December to January, 
January to February and February to March matrices. 
Given that 2 complete years were covered by the 
sampling period, there are 2 matrices representing each 
season. Either 1 of the 2 matrices for each season was 
selected at random following the seasonal sequences of 
winter, spring, summer and fall. The growth of the popu- 
lation was projected over 5 yr (20 seasons) and 10 yr 
(40 seasons), each replicated 100 times. The growth rate 
for each resulting matrix was calculated and the mean, 
standard deviation, and highest and lowest growth rates 
among the replicates were recorded. 

Randomized yearly matrices 

The population was simulated to grow following 
yearly cycles. Yearly matnces are products of 12 
monthly matrices. Each of the 2 yearly matrices was 
selected at random and the population simulated to 
grow following the combinations of these yearly 
matrices. The growth of the population was projected 
for 5 and 10 yr, each replicated 100 times. The growth 
rate for each resulting matrix was likewise calculated 
and the mean, standard deviation, and the highest and 
lowest growth rates among replicates were recorded. 

RESULTS 
Randomized monthly matrices 

Within the sampling period, there were 2 complete 
12 mo cycles covering the period from November 1985 
to November 1987. Each month within a 12 mo cycle 
can therefore be represented by 2 matrices. To project 
the growth of the population, 1 of the 2 matrices was 
selected at random. The chronological sequence of the 

Analysis of the model 

Monthly matrix 

Field data suggested that plants in Size Class 1 gen- 
erally had a lower survivorship than those in other size 
classes (Fig. 2). Most plants suffered a greater mor- 
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increase in population growth rate is not always large 
Fig. 3.  Fucus distichus. Dominant e~genvalue (population 

enough prevent the the population' growth rate) calculated for each monthly matrix M (with re- 
However, in some instances, e.g. September to October cruitment) and monthly submatrix D (without recruitment). 

growth rate (Fig. 3). At very low fecundity 
(late spring 1986 and summer 1986 and 1987), 
population growth rate would be dependent 
on the survival of the plants alone. The ab- 

10 sence of a gerrnling bank has either no effect 
or would lower the population growth rate by 
only 1 to 4 %. 

Results of the elasticity analysis indicate 
that survival and transition among plant size 
classes are the most important parameters 
and contribute at least 50 % to the population 
growth rate at any time (Fig. 4).  Other para- 
meters like survival and transitions among 
microrecruit stages and from micro- to macro- 
recruits, germling bank and fecundity are 
also important in some months. The relative 
contribution from these parameters generally 
follows a similar pattern, being lower in early 
winter 1985 and 1986, and in late spring to 
mid summer 1986 and 1987 than in the rest of 
the year. In general, the germling bank 
contributes the least to population growth 
(Fig. 4). 

Plants in Size Classes 1 and 2 never became 
40 reproductive, so their contribution to popula- 

20 tion growth rate was only through their 
survivorship. This contribution could be very 

JAODFAJAODFAJAOD JAODFAJAODFAJAOD la rge (>60%)a t t imes .Thecon t r ibu t ionsof  
1985 1986 1987 1986 1987 

TI M reproduction from the other size classes are 
comparable and are usually small. There is a 
lot of variation in the way different size classes 

Fig. 2. Fucus distichus. Mean survivorship of plants in different slze contribute to population growth. In a few 
classes over time as estimated from field observations cases, the contribution is mainly from a single 

size class (e.g. January to February 1987 from 
tality during spring and summer 1986 than during fall Size Class 5). These are the times when very low 
and winter 1986. Plants in Size Classes 3 to 6 also mortality was experienced by that particular size class. 
showed a h g h  mortality in summer 1987, but this pat- 
tern was less distinct for smaller plants. Plants in Size 

0-0 w/O RECRUITMENT 
Class 6 suffered consistently high mortality (> 60%) in A . . . . . . A  W/ RECRUITMENT 
all 3 summers from 1985 to 1987. - 1.4- 

1986, the population experienced a sharp increase in Dotted horizontal line indicates eigenvalue = 1 

X 
Patterns of plant survival are reflected in the subma- - 1.2- 

* 4 . , 
. , . , 
, . . , 
, . 

trix D. Fucus distichus plants do not exhibit vegetative W A '. .. P : 
. , 

reproduction, i.e. regeneration from the holdfast was q + 1 .0. . . . . . . . . '0 .aA&. '. , . . . ;. .A. . . . . . . . . : . . . 
not observed (Ang 1991a). Hence, if the population W 

were to grow under the conditions described by D 
l- 

alone, the population would not be able to maintain 3 0.6- , itself. This is indicated by the small (< 1 ) eigenvalues 0 
K 

for most of the monthly submatrices D (Fig. 3). In the ~ 0 . 4 -  
few cases where the eigenvalue = 1, it is due to the J A O D F A J A O D F A J A O D  

high survivorship of larger plants, notably plants in 1985 1986 1987 
Size Class 6. With reproduction and recruitment, the Tl M E 
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PLANT SU RVNAL high survival rate (= 1). From summer 1985 to 
fall 1986, reproductive values of the 4 largest 
size classes are comparable. The total reproduc- 
tive values are positively related to population 
growth rate. 

OM L 
J A ~ u ~ A J A U U ~ A J A O D  Yearly matrix 

GERMLING BANK 
Transitions among the recruits and across 

different size classes are possible in a yearly 
matrix, hence all the matrix elements are non- 
zero. Because of the absence of any vegetative 
reproduction, initial populations recorded at 
different months in 1985 to 1986 would decline 
rapidly if they were to be maintained by the 
survivorship of the plants alone. In 50 % of 
the cases, reproduction and recruitment only 
slowed down the rate of decline. In other 
cases, i.e. July 85-July 86, October 85-Octo- 
ber 86 to December 85-December 86, May 
86-May 87 and June 86-June 87, the popula- 

1985 1986 1987 1985 1986 1987 tion growth rate became positive in the pres- 

TIME ence of reproduction and recruitment. In the 
absence of a germling bank, all of the popula- 

Fig. 4. Fucus distichus. Relative contribution (%) of different matrix tions would decline and experience from 45 to 
parameters in each monthly matrix M to population growth rate, as 83 % reduction in the growth rate. 
estimated from elasticity analysis. Matrix parameters are plant sur- There is a discernible seasonal pattern in 
vival: survival and transition among plants in Size Classes 1 to 6, 
recruits survival: survival and transition among microrecruit stages; the Of the different demo- 
macrorecruits: survival and transition from micro- to macrorecruits; graphic parameters to population growth within 
g e r d n g  bank: probability of staying in the germling bank; and each year (Fig. 6). In general, survival of micro- 

fecundity: fecundity of Size Classes 3 to 6 recruits contributed the least to population 
growth rate, though it could be more important 

When the population was projected to grow based than the germling bank in matrices beginning in 
on the estimated matrix elements and attained a stable spring. Certainly, it contributed the most to growth rate 
distribution, a very high proportion of the plants would in the April 86-Apnl87 matrix. 
be in the form of recruits, e.g. as high as 99% in 
December to January 1987 (Fig. 5). The stable distrib- O RECRUITS I MACRO-PLANTS 
ution would have more large plants than recruits only 

n 
100 

when fecundity was low or negligible. 
The number of recruits projected in the stable distri- 

V 80 
bution included those recruits of intermediate stages. 
There are no actual field data on Microrecruit Stages 2 

60 0 
and 3. Hence, when comparing the projected stable 40 
distribution of the plants in the size classes with the 
observed size class distribution, it is more appropriate CY 20 
to compare only the pattern of distribution of the a 

0 
macro-plants (Size Classes 1 to 6) rather than that of all J A O D F A J A O D F A J A O D  
the size classes including the recruits. In all cases, the 1 9 8 5  1986 1987 
projected stable distribution is very different from the Tl M E 
distribution recorded from field observations (chi- 
square test, p < 0.001). Fig. 5. Fucus distichus. Proportion (%) of all recruits versus 

macro-plants in the size classes at stable d~stribution calcu- 
Size 'lass has the highest reproductive lated for each monthly matrix M. Recruits lncluded all inter- 

The extreme high (> lo3) in mediate staaes of microrecruits and macro-~lants included all ., 
March and August to September 1987 is related to its plants from Size Classes 1 (with macrorecruits) to 6 
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August 86-August 87 to December 86-Novem- 
ber 87 matrices. At other times, values for Size 
Classes 3 and 4 are comparable or higher than 
those for Size Classes 5 or 6. This suggests that all 
these size classes are important in contributing to 
future generations of the population. 

-70 MICRORECRUIT SURVIVAL 40 PLANT TO MICRORECRUIT 
601 

-50 30 1 Simulation and projection 

5 40 
W 30 

20 The overall matrix T has a dominant eigen- 

0 20 10 value = 0.6992, indicating that the population 
l 0  would eventually go extinct if its growth were to 

a O 0 be defined by the 28 mo cycle. However, if the 
population were to continue to grow for another 
year, say to follow the pattern in 1985 to 1986; 
then the population could recover and attain a 
positive growth rate. 

Simulations using random combinations of 
different matrices projected over different 

1985 1986 1985 1986 growth rates (Table 1).  In the simulation using 
TIME random combinations of monthly matrices pro- 

jected over 5 yr, only 13 of the 100 replicates 
Fig. 6. Fucus distichus. Relative contribution ('X) of different matrlx yielded a growth rate > 1. 
parameters in each yearly matrix Y to population growth rate, as seasonal matrices (Table 2) indicate a pro- 
es t~mated from elasticity analysis. Only the starting month of each 
yearly matrix is indicated in the x-axis. Matrix parameters are as In jected increase in the population during fall, and 

Fig. 4, except plant to microrecruit: transition of plants in Size a during and summer in 1986 
Classes 1 to 6 to microrecruits and 1987. Growth during winter is variable, 

declining in 1986 but increasing in 1987. Simula- 
Contribution of plant survival to growth rate is tions using random combination of seasonal matrices 

mainly attributable to contributions from plants in Size generally yielded a growth rate < 1 (Table 1) .  
Classes 2 to 4; contributions from the remaining size Several combinations of yearly matrices could be 
classes are  = < 15 %. For the years starting from used in the simulation, e.g. July 85-July 86 versus 
February to July 1986, the contribution of the transition July 86-July 87 or September 85-September 86 
from plant to microrecruits is generally the most versus September 86-September 87. The December 
important. In contrast, plant survival is more important 85-December 86 and December 86-November 87 
at  other times. This is consistent in all size classes with matrices were chosen to be  consistent with the time 
fecundity usually being the least important. Although 
plants in Size Classes 1 and 2 never became fertile, 

Table 1. Fucus distichus. Results of the simulation showing 
Over a  year'^ period# 'Ome them have grown the mean + SD, and highest and lowest growth rates (h) 
larger and become fertile, hence, could also contribute recorded from using different combinations of transition 
to fecundity. However, this contribution is generally matrices projected over different fixed periods of time. The 

low. mean value is based on 100 replicates 

Only in the July 85-July 86 matrix does the stable 
distribution have more macro-plants than recruits. At all 
other times, recruits dominate. There is no clear 
relationship between the proportion of recruits and 
population growth rate, i.e., having more recruits does 
not guarantee a growth rate > 1. The initial size distrib- 
utions are all significantly different (chi-square test, 
p < 0.05) from the corresponding stable distributions 
projected from the yearly matrices. Reproductive values 
for Size Classes 5 and 6 are  the highest of all categories 
in July 85-July 86 to January 86-January 87 and 

Models Growth rate 
Mean f SD Highest Lowest 

Monthly matrlx 
5 Yr 0.503 + 0.076 5.800 0.012 

Seasonal matrlx 
5 Yr 1 094 2 0.123 8.043 0.034 

10 yr 0.911 f 0.134 6.460 0.007 

Yearly matrlx 
5 Yr 0 899 ? 0 179 16.060 0.035 

10 yr 1 471 ? 0.555 52.093 0.008 
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Table 2. Fucus distlchus. Dominant eigenvalues of the 
seasonal matrices 

Winter 0.6469 1.4984 
0.6455 0 4646 

Summer 0.5695 0.6894 
1 .f 755 1.7423 

period covered by the simulations using seasonal 
matrices. The December 86-November 87 matrix was 
further pre-multiplied with the monthly matrix for 
November to December 1985 in order to obtain a ma- 
trix that covers a full year. (Sampling in November 
1986 was missed, hence monthly matrix for November 
to December 1986 was not available for use in this pur- 
pose.) Results of the simulation using random combi- 
nation of these 2 December-December matrices gen- 
erally yielded very low growth rates, although 
occasionally very high growth rates were also obtained 
(Table 1). 

Simulations based on seasonal or yearly matrices 
over different fixed periods of time did not yield con- 
sistent results. Both mean growth rates > or < l  were 
obtained (Table 1).  In general, however, a negative 
growth rate was obtained in > 60 % of the simulation 
runs. 

DISCUSSION 

It was not possible to get an  exact fit between the 
sizes of the total population simulated from the models 
and estimated from field observations (Fig. 1).  Since 
field observations were based on 3 quadrats, variations 
among samples would always be expected. The num- 
ber of plants in Size Class 1 projected from the model, 
especially for the months from June to August 1986, 
had to be made larger than that observed in order to 
keep the simulated number of plants in other size 
classes in later months as close to that observed as pos- 
sible. Some of the inaccuracies in the model para- 
meters are likely to be due to error or variation in the 
estimate of the number of macrorecruits, or to the lack 
of information on the transition of the intermediate 
microrecruit stages. Nevertheless, the number of indi- 
viduals in these stages, though largely hypothetical, is 
within a realistic range indicated by the number of 
microrecruits on the settling blocks. 

The inclusion of intermediate recruit stages (Micro- 
recruit Stages 2 and 3) is necessary to provide the time- 
delay between micro- and macro-recruitments. With 
thls time-delay, it became possible to separate and 
evaluate the different stages between the transition 

from plant reproduction to recruitment. Specifically, 
there are at least 2 steps in this sequence, from repro- 
duction to microrecruits, and from microrecruits to 
visible macrorecruits. Size Class 1 included new macro- 
recruits entering the population, as well as older macro- 
recruits that did not grow into the next size class. It also 
included die-back or remnants of older plants. These 
categories are represented by different matrix entries, 
hence their relative contribution to population growth 
can be assessed separately. This minimizes the poten- 
tial problem of having to deal with complex para- 
meters which are the sum or product of different 
demographic traits. 

The model is realistic within the time period 
sampled, and thus should be able to reveal information 
about the dynamics of the population within that 
period. However, what is equally interesting is that the 
models can also be used to simulate the dynamics of 
the population into the future. One of the inherent 
properties of the matrix model is time-invariance of 
the matrix parameters. This, as suggested by Cohen 
(1979), can be partly overcome by simulating the 
growth of the population with random combinations of 
matrices. This technique has been used with some 
success in higher plants, e.g. Arisaema triphyllum (L.) 
Torr. (Bierzychudek 1982), Plantago lanceolata L. (van 
Groenendael & Slim 1988) and Carex bigelowii Torr. 
ex Schwein. (Carlsson & Callaghan 1991). 

Although sampling for this Fucus distichus popula- 
tion covered a period of more than 2 yr, the observed 
data do not suggest any recurring pattern with respect 
to the distribution and size of the population. Varia- 
tions in matrix transition probabilities among months 
and between years are large, hence it appears that the 
population did not behave in any cyclical pattern. 
However, the population was starting to increase in 
size towards the end of the sampling period (Fig. 1). 
This could suggest that the sampling period repre- 
sented only a fraction of the population cycle. Several 
cohorts within the population had been followed to 
their extinction (Ang 1991a, b). While the phenomena 
of recruitment, growth, reproduction, and death were 
the same for each cohort, the presence of cohorts over- 
lapping in time could easily dampen any cyclical 
pattern exhibited by these biological phenomena. 

Depending on the time period covered by the matrix, 
different assumptions are made when using random 
combinations of matrices to simulate population change. 
Random combinations of monthly matrices assume that 
other than a constant temporal sequence, month to 
month phenomena are independent from each other. 
Any change in the population within a month, defined 
by the matrix elements, is not related to changes in the 
previous or subsequent months. Random combinations 
of seasonal matrices assume a close relationship among 
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months within the same season but not between sea- 
sons. Similar assumptions hold for the yearly matrices. 

To represent the dynamics of a population over an 
extended sampling period, both the mean matrix (e.g. 
Werner & Caswell 1977) and product matrix (e.g. 
Huenneke & Marks 1987) have been used. In the 
former approach, transition values of different matri- 
ces representing different time periods are averaged. 
This approach assumes that variabilities among time 
periods are not important. In the latter approach, tran- 
sition values of the matrices are multiplied. The vari- 
abilities among time periods are thus incorporated in 
the product. 

Monthly monitoring of the individuals within the 
Fucus distichus population provided a very detailed 
information on the behaviour of this population. It indi- 
cated that growth and mortality among individuals 
are highly variable among months. The construction of 
seasonal and yearly matrices as a product, rather than 
as a mean, of monthly matrices is thus a more appro- 
priate approach to account for the variabilities in the 
growth and survival of F. distichus individuals among 
months. These variabilities, as reflected in the matrix 
elements, are results of biotic interactions within the 
population, as well as effects of environmental varia- 
tions on the population over time (Ang 1991a, b, Ang 
& De Wreede 1992). 

A matrix model summarizes the information about 
current population behaviour. Despite the constraints 
of being deterministic in its prediction, considerable 
information about the population can be inferred from 
the analysis. Fucus distichus plants do not exhibit any 
vegetative reproduction, hence recruitment is essen- 
tial for the continuity of the population. Positive 
growth (eigenvalues > 1) for the population can only be 
attained in the presence of reproduction and recruit- 
ment. This is in contrast to some other fucoids like 
Sargassurn siliquosum where results from an elasticity 
analysis indicate that vegetative regeneration from the 
holdfast is far more important to population growth 
than does recruitment, and that the contribution of 
recruitment to population growth is almost close to 0 
(Ang & De Wreede 1990). In general, however, recruit- 
ment contributes to the stability (or instability) and 
growth of marine benthic populations. The signifi- 
cance of this contribution has increasingly been recog- 
nized in recent years both in algal (e.g. Reed et al. 
1988, Nisbet & Bence 1989) and animal populations 
(e.g. Roughgarden et al. 1988). 

The reduction in the relative importance of plant 
survival to population growth rate indicated by the 
yearly matrices is compensated for by the increased 
importance of other parameters such as  the survival of 
macrorecruits to juvenile and reproductive size classes 
and the contribution of plant reproduction to micro- 

recruit stages. These parameters, however, actually 
represent the contribution of new individuals that 
entered the population over the course of a year. The 
relative importance of plant survival measured by the 
elasticity analyses represents mainly the contribution 
of the older plants that existed at the start of the period. 
These plants suffered increased mortality, hence, their 
contribution to the population growth rate also de- 
creased over time. 

A large contribution of plant survival to population 
growth rate is characteristic of long-lived plants like 
trees (Hartshorn 1975, Enright & Ogden 1979). This 
suggests that even in the absence of any recruitment, 
the decline of the population would not be abrupt. In 
such a case, the chances are high that at some time the 
population may recover from a continuous decline as a 
result of a sudden pulse of recruits. 

In the simulation, each month, season or year, was 
chosen from 2 matrices, each having a n  equal prob- 
ability of being included in each run. One of the 2 
matrices (the 'good' matrix) projects a higher growth 
rate, thus depicts a 'good' month, season or year, than 
the other (the 'bad' matrix). An extremely high growth 
rate could be obtained, or vice versa, if the 'good' or 
the 'bad' matrix is continuously being chosen over the 
period simulated. In reality, a 'good' or 'bad' month, 
season, or year described respectively by the 'good' or 
'bad' matrix may not recur over a prolonged period. 
These extreme growth rates are therefore very 
unlikely. 

It can not be ascertained which of the 3 ways of 
randomly combining matrices used in the simulation is 
more realistic. This needs to be tested with a longer 
term of sampling, i.e. beyond the 2 yr covered by this 
study. Nevertheless, while this Fucus distichus popula- 
tion is declining, it may recover in the future. The pop- 
ulation is probably being maintained by an occasional 
pulse of a large number of recruits. The year 1986 may 
be an example of such a good year. 

On a monthly basis, the presence of a germling bank 
had little effect on population growth rate. However, if 
there were no germling bank for the whole year, the 
effect could be more significant. None of the yearly 
matrices showed a growth rate > 1 if the probability of 
microrecruits being present in the germling bank was 
set to 0. The gerrnling bank appears to compensate for 
the lack of fecundity, as indicated by a negative rela- 
tionship between the contributions of fecundity and 
the germling bank to growth rate. The seed bank of 
higher plants has a stabilizing effect on population 
growth rate (Schmidt & Lawlor 1983). The germling 
bank in algae, if it exists, is likely to play a similar role. 
How significant this role is, to this Fucus distichus as 
well as  to other algal populations, remains to be shown 
in the field (Santelices 1990). 
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Many algae produce a large number of propagules 
(Hoffmann 1987, Santelices 1990), but only a small 
fraction of this is recruited into the population. An even 
smaller fraction of this ever survives and becomes 
large enough to contribute to future reproduction. 
Hence, a stable distribution with a large proportion of 
the plants in the recruit stage is probably typical of 
many algae. This is not true for another brown alga 
Sargassum siliquosum where the proportion of recruits 
at the stable distribution is small (Ang & De Wreede 
1990). However, in S. siliquosum, new laterals regen- 
erate from the holdfast every year. As noted earlier, 
this mode of vegetative reproduction is far more im- 
portant than sexual reproduction to population growth 
of S. siliquosum. 

Current size distribution is a reflection of past events. 
Stable distributions calculated from the monthly and 
yearly matrices are different from the current size dis- 
tnbution of the Fucus distichus population. The exis- 
tence of a stable distribution hinges on the presence of 
a constant growth rate in the population. But, as Bier- 
zychudek (1982) argued, the attainment of a constant 
growth rate is based on the assumption of the exis- 
tence of a constant environment. In reality, the envi- 
ronment is never constant and a constant growth rate, 
as well as a stable distribution, will never be attained. 
A population may therefore be much more influenced 
by its size structure than by its growth rate. This argu- 
ment may be particularly relevant to this Fucus dis- 
tichus population. If the population were being main- 
tained by occasional influxes of recruits, as suggested 
earlier, then the influx could serve as a disturbance 
that keeps the population in a non-equilibrium state. 
The existence of a large number of recruits in this pop- 
ulation, especially those as Stages 2 and 3 micro- 
recruits, remains to be verified. Further analyses incor- 
porating these stages should prove to be interesting in 
elucidating how the size distribution is being struc- 
tured and the possible influence of the environment on 
the current size structure of this population. 

Low reproductive values for recruits and Size 
Classes 1 and 2 are expected as they do not contnbute 
directly to fecundity. For the other 4 size classes, a pos- 
itive relationship between reproductive values and 
plant size classes is discernible. Although the number 
of microrecruits originating from each reproductive 
plant may be the same, i.e. the actual number of eggs 
produced per plant may be independent of plant size, 
but because the probability of being reproductive is 
higher for larger plants, there is therefore a positive 
relationship between fecundity value and plant size, 
hence between reproductive values and plant size 
classes. However, there is no theoretical basis to as- 
sume that reproductive value is always positively re- 
lated to plant size class. There are examples in higher 

plants where this relationship does not hold (e.g. 
Carex bigelowii, Carlsson & Callaghan 1991). 

The life span of Fucus distichus is about 2 to 3 yr 
(Ang 1991a, b). With a high mortality of the recruits, 
iteropanty should be favoured (Charnov & Schaffer 
1973). Iteroparity in F. distichus appears to be achieved 
by the formation of receptacles at different terminal 
branches at different times (Ang 1992). This enables 
other non-reproductive terminal branches of the plant 
to continue to grow, thus minimizing the cost of repro- 
duction (Ang 1992). This must have a significant 
advantage for F. distichus. Reduction in mortality rate 
and increase in plant size both increase the importance 
of the plant to population growth rate, the latter 
through an increase in reproductive value, and hence 
increased contribution to recruitment. 

The matrix models developed here were based on 
the size structure of the Fucus distichus population. 
Given that both age and size are significant state vari- 
ables in describing the demographic parameters of this 
population (Ang 1991a, b), further improvement of the 
models may include age as an additional state vari- 
able. Density-dependent survivorship and stochastic- 
ity of recruitment are probably two important factors 
that control the outcome of any population change. 
Variation within the population has not been ac- 
counted for in this study. The information on popula- 
tion dynamics was based on mean data from three 
quadrats. It is possible that spatial heterogeneity may 
allow patches of the population to exhibit different 
dynamics. If this is true, then there could be variation 
in the dispersal of propagules resulting in spatial 
heterogeneity in recruitment. This should make the 
study of Fucus distichus in particular, and algal popu- 
lation dynamics in general, even more challenging. 
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