CHAPTER 4

Responses of the haploid to diploid ratio of isomorphic biphasic life cycles to time

instability

ABSTRACT

Most previous modelling of the haploid-to-diplo&tio (H:D) in biphasic life cycles
relied on estimates of the stable population growette and structure. This is a type of
analysis that projects the average population dycsgiven current conditions. However,
the environment is hardly constant but has bothioder and random instabilities
over-imposed. It was the objective of this workutaveil how the H:D responds to time
instability, and thus to launch the basis for fatoesearch on the adaptation of isomorphic
biphasic life cycles to unstable environments. dsviound that ploidy phase dissimilarities
on the demographic matrix and in the initial popiola structure both cause an inevitable
H:D time variability as a consequence of the lifele structure and independent of the
environmental seasonal cycle. The specificitiehese H:D time series depend on the type
of life strategy and ploidy dissimilar vital rategurthermore, ploidy dissimilar fertility or
growth rates cause a cyclic oscillation of the kh@t hardly matches the seasonal cycle. If
there is a ploidy fitness ratio associated to ti@renment seasonal cycle, then the misfit
between these two cycles may be problematic to asphic biphasic life cycles. This
should not happen with ploidy dissimilarities irethramet looping rates (stasis, breakage
and clonal growth, all respective to survival) hesmthese induce a H:D variability which

is monotonical and directly proportional to theigiolooping ratio.

Keywords. Biphasic, demographic matrix, G:T, H:D, isomorphic, life cycle, time

variability, transient trajectory.
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INTRODUCTION

In demographic models, provided that the life cyslereducible, i. e. all the stages
contribute to at least one other stage, and tlatrémsitions among stages do not vary with
time or density (stable environment, density indej@nce), the population will approach
asymptotically a stable population structure andwgn rate (Caswell 2001). Until
stabilization the population trajectory will genlyaoscillate around a central tendency
given by the asymptotic stable trajectory. It ilezhthe transient phase, during which the
population trajectory and dynamics are determinaiti by the life cycle properties and by
the initial population structure (Caswell 2001). #loof the analyses on demographic
models of haploid-diploid life cycles have focusew the stable population growth and
structure (Richerd et al 1993, Hughes and Otto918&ll 2000) These are projections of
the population structure at steady-state wouldvited rates remain the same, which are
very helpful at determining the populations dynamibut must not be confounded with
forecasting. This is also the particular case efdhalyses of the reasons why the H:D of
species with biphasic life cycles vary, in partasulvhen phases appear to be isomorphic
and thus are expected to be ecologically undiffgaesd (Engel et al 2001, Thornber and
Gaines 2004, Fierst et al 2005, second chapted, thiapter). The H:D time variability has
been documented in seaweed species (Engel et &| 2@fiza et al 2001, Thornber and
Gaines 2003, Scrosati and Mudge 2004a and b, anck Byd deWreede, 2006).
Furthermore, the environment is not constant aabdlestenvironmental conditions are not
likely to occur. In those particular cases when ¢hgironment is stable long enough the
population might attain the stable population dte, but most often the variant
environment may be expected to drive a natural jadipn from one transient phase to
another. Therefore, it is reasonable to expect ladpas of biphasic life-cycle algae
species to endure more time at an unstable transigjectory than at a stable one,
highlighting the relevance of understanding theadyits of the transient phase.

The main questions investigated in this work arenats the H:D variability under
transient conditions?” and “How this variabilitylates to the different life strategies, i.e.
those dominated by fertility, looping or growthThe second chapter showed how these

three co-occurring processes modulate the dynaafip®pulations of biphasic life cycle
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species, determining both their growth rates amddplratios. In order to assess these
guestions, the H:D variability was simulated usthg previous developed models in the
second and third chapters and imposing a diffeagati between the haploid and diploid

abundances in the initial population structure andd conditional differentiation on

fertility, growth or looping rates between ploidiigses. Hughes and Otto (1999) showed
the importance of conditional differentiation beémephases (their ability to explore the
environment differently) in order to avoid the &xtiion of one phase through evolutionary
time. The oscillatory properties of the transielnage of the H:D such as its duration, wave
amplitude and wave length, were then analyzed aeladed to the three basic life strategies,

i.e. those dominated by fertility, growth or loogin

METHODS

The matrix demographic model

The model used in this study (equation 1) is basethe biphasic life cycle, stage/size
structured model previously used in the second tendpr the study of the H:D dynamics
of perennial algae in the stable population stmectior which the vital rates were observed
to be adequately aggregated into three groupsfettiéty vital rates (F), the growth vital
rates (G) and the looping vital rates (back to shene ploidy) (L). It is a ramet based
model, which means the units of the adult stagestla individual fronds that may rise
from the same holdfast. The matrix demographic rhsdepresented by the 8 dimensional
population vector and the (8,8) dimensional popatatmatrix (equation 1). The
gametophytes were separated into tetraspores ated(size) variables 1, 2 and 3, whereas
tetrasporophytes were separated into carpospocrkstate (size) variables 4, 5 and 6. The
growth vital rates (g), the looping vital rates, (Bnd the spores’ survival (ss) are
probabilities and hence vary between 0 and 1. Thdseup to survival, which cannot be
higher than 1. There are two ways a ramet may lmgk, it may stay on the same size
class (stasis) or it may break to a smaller sizsscl The probability of stasis was
considered to be 0.75 (6/8 for size class 3 andf@/4&ize class 2, equation 1) and the

probability of breakage to smaller stages equdl.®% (1/8 from size class 3 to 2 plus 1/8

46



from 3 to 1; 1/4 from 2 to 1, equation 1). Thesebabilities were based on the analysis of
the vital rates of the red seawe@didium sesquipedale (Santos and Nyman, 1998). It was
verified that the model results were not signifita@ltered when other probabilities were
considered. The fecundity transitions (Jeare production rates and hence vary between 0
and +o.

The dissimilarities of fecundity, growth and loogirtransitions between phases
were introduced in the model by, dl;, and g, respectively, which represent the proportion
of the diploid vital rates relative to the haploldodel assumptions are: (i) in each time step
only the transitions represented in the model cecug (ii) the model is a first order

Markovian process, (iii) the model is determiniséind (iv) the projection time is one

month.
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Several thousand different deterministic demogm@aphatrices were tested and
compared. Each of them was assembled by randonalgsafg their matrix entries under

the following conditions:

(i) fecundities were given a fixed value of 100tte smaller size class, 500 to the
medium and 1000 to the larger. The values themselegxe chosen arbitrarily with
the sole objective to reflect the fact fecunditgremses exponentially with ramet size.
Still, care was taken to keep the values of theirfdities simple yet close to the
values observed by Santos and Nyman (1998).
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(i) spore survival (ss) could range from®@® 1¢. These encompass the spore survival
range observed for most seaweeds and were furtipanded to the highest survival
possible (18=1=100%). Testing a wide range of spore survivas fendamental
because the H:D dynamics varies extremely withatiheunt of fertility output (Fierst
et al 2005, second and third chapters)

(iif) growth (g) and looping (I) could range frodnto 1. These were chosen to test the vital
rates in a wide range of values.

(iv) The dissimilarity coefficients il ds and d were tested for values between 0 and 2,
l.e. the diploid rates were from 0% to 200% of Haploid rates. Still, coefficients
largely apart from 1 (100%) were only tested, arad/ only reasonably be expected,

over fertility rates (g). These coefficients were fixed and not randorelgsted.

It was also tested for the effects on the H:D \ality of dissimilarities between
ploidy phases in the initial population structuiéhese were imposed by means of the
dissimilarity coefficients g di, b and @, which set the initial proportionality of the didi
stage abundances relative to the haploid stagedaburs for the spores and size classes 1,
2 and 3. These coefficients were fixed and notoarig selected.

Life strategies of demographic matrices

The population’s growth rate) and the elasticities of bothand H:D to fertility, growth
and looping were estimated for every demographitrisngaroduced. Then, the matrices
which both population growth and survival rates everedible for natural populations, i.e.
population growth varying between 1 and 1.11 andigal <1, were selected for further
analysis. These were plotted in triangular plotee($ranco and Silverthorne 1996,
Oostermeijer et al 1996, second and third chaptdrf)e elasticities ok to fertility (F),
growth (G) or looping (L) parameters. In these gloemographic matrices (populations)
with different combinations of elasticities to F,a@d L, are distributed within the triangle.
The populations much more elastic to only one typeital rates are located closer to the

respective vertices of the triangle.
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Analytical solution of the transient phase
The population’s structure and abundance at a divemt is given by the vector/Nwhich
is a function of the eigenvalues)(and eigenvectors (wof the population’s demographic

matrix and the coefficients for the initial conditis (¢):

Wl Wl Wl
W2 W2 W2
— t t t
N, =c A, +CyA, + ...+ CpA, (eqn.2)
[ We |, [ We 1, [ We 1

The c coefficients enable the initial populatiowsctor (N) to be written as a linear
combination of the eigenvectors (Caswell 2001).sTdan be seen if time t is set to 0 in
equation (2). The eigenvalues),(eigenvectors (w) and c coefficients have twospue
forms: as a strictly real set or as a set of comptmjugated pairs. In the first case they can
be written exactly as in equation (2) or transposegolar coordinates, in which=c
yi*sen(pi) and w= oi*sen(w;). In the latter case the complex conjugated pajuétion 3.a)
can be rearranged with the eigenvectors and cicmeffs in Cartesian coordinates or with

the eigenvectors ang aefficients in polar coordinates (equation 3.b),

W | Wy |
"2 W2 |o1-cos(o - ) o1 |-sin(p + wy)
Cada| | *Caka| | 2\».4. cos@)| 17210050 @) | _ o [0l SinGo + @2)
|og|.cos(o ~ ) |og|-sin(o + ax)
—W8-a _V_V8_61
(egn.3a) (e3)

where) and 6 are the 1 eigenvalue’s module and angleandp are respectively the c

coefficient’s module and angle, andandw; are the module and angle of the eigenvector’s
entry w.
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Once the form of the analytical solution was foratet, the demographic transient
dynamics was assessed from the sub-dominant eilgersvand eigenvectors and from the ¢
coefficients. The sub-dominant eigenvalues arebthses from the central tendency of the
population growth rate and the sub-dominant eigetave are the biases from the central
tendency of the population structure. The centesldéncy is given by the dominant
eigenvalue and eigenvector. Thus, there knowledggill fundamental for the analysis of
the transient phase. Each c coefficient for théiahipopulation structure is also the
coefficient for the initial momentum of its biashét corresponding eigenvector). These
initial momentums were converted to the relativiahmomentums. Their formulas were
vo/Yyi for the real sets and 2%/Yy; for the complex conjugate sets. The persisteniee ra
was estimated a&y|/A,, Wherel, is a sub-dominant eigenvalue whergass the dominant
eigenvalue. This is the inverse of the dampingorgtioposed by Caswell (2001). The
persistence rate shows the rate at which the limteamentum persists and thus the highest
it is, the longest the population is at its transiphase. The oscillatory properties of the
transient trajectories were fully defined by theesivalues (for the persistence rate),
eigenvectors (for the population structure) anadefficients (for the initial momentum). In
Appendix IV is presented a detailed explanatiorthese metrics and how they interact to

yield a determined transient trajectory of the papaon growth rate and H:D.

Responsiveness analysis
It was evaluated how responsive were the oscilfgtooperties of the transient trajectory to

dissimilarities between ploidy phases. This wasedmy estimating the following:

(i) Elasticity of the persistence rat&q{fAs);

(i) Elasticities of the phase ratios within thgemnvector ¢i/ci.4). The amplitudes of the
oscillations of each stage were given by the réspmeentry in the eigenvector. Yet, it
was more feasible and interesting to test and pteke ratio between the amplitudes
of the ploidy correspondent stages;

(iif) Sensitivity of the relative initial momenturfy,/>y). In the absence of any kind of

ploidy dissimilarities some diverged zero only at very low decimal places émnehs
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due to precision error. The elasticities were auatiically set aside as they required

this value in the denominator.

It was estimated the elasticities and sensitiviteeshe ploidy phase dissimilarities in the
demographic matrix ¢l ds, d.) and in each stage of the initial population veétls, d;, >
and d) changing these independent variables by 0.01 faoninitial value of 1 (i.e: no

dissimilarities). The initial population vector wakvaysN,=[1111111 1]

RESULTS

The demographic matrices were represented intrinagular plot using their
relative elasticities ok to F, G and L as coordinates and giving a colaalesto the
persistence rates of the sub-dominant eigenvalgel)f It can be seen that both fertility
and survival life strategies (respectively in tharel L lower corners of the triangle; these
are the F and L domains) had high persistence, rat@ish meant that, in the absence of
density dependency, any population with one ofdlsgtegies (in one of these domains)
would have its populations subject to long transigmses. There were no demographic
matrices with growth dominated life strategies. [doer, where the growth relevance was

higher (closer to the upper horizontal edge) thedient phase could also be long.

Figure 1 — Overall persistence rate (color
scale) plotted upon the triangular ordination of
the) elasticities to fertility (F), growth (G) and
looping (L). The coordinate of a point in each
axis is given by a line parallel to the lines that
intercept the axis coming from its right side.

0 20 0 50 50
F elasticity to L L
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So, for the sake of synthesis this area was comrgidde growth domain, although it was
somewhat abusive to call it that. Separating thes& and L domains there was a well
marked area of lower persistence rates where dinsignt phase was short and its dynamics
little significant. To this area slipped the popidas with demographies between fertility
and looping dominated. Each of these domains otahmary plot with a high persistence
rate was associated to a different sub-dominantofetigenvalue, eigenvector and c
coefficient (fig.2). So, the three types of liferadegies had different transient phase

characteristics with different responses to didsirities among life cycle phases.

Figure 2 —Persistence rates (color scale) of

(a) 0 (b) the specified sets plotted upon the

triangular ordination of th& elasticities to
F, G and L. The coordinate in each axis is
s given by a line parallel to the lines that

P& intercept the axis coming from its right
© . © ; M side. (a) Real and Equal Set, (b) Real and

0.6

Symmetric Set, (c) Complex Conjugate

and Equal Set and (d) Complex Conjugate

R 0 20 40 e 80 " and Symmetric Set. The (a) with (n) a
L L
negative and (p) a positive eigenvalue.

Subdominant sets of eigenvalues, eigenvectors and c coefficients

For the several thousand demographic matrices sexlythe dominant eigenvalue,
eigenvector and c coefficient were always stricilgl and positive. This was the expected
from an irreducible primitive life-cycle. Moreoveahere were typically four types of sets of
subdominant eigenvalues, eigenvectors and c coeftscthat determine the duration, the
wave amplitude and the wave length of the trang&ase of the population trajectory. One
of the ways to characterize these sets was ag sitiely real or complex conjugated pairs.
The other way was according to the eigenvector'sakty or symmetricity for the
correspondent stage/size classes of both phagke bfe cycle (wand w.,4 in equations 2
and 3). What type of sets did occur, which wassthie-dominant one, how fast did each of
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them fade way and which were their oscillatory elsteristics, depended on the type of life
strategy and the magnitude of the ecological didsiity between ploidy phases. The four

possible types of sets were:

1. Real and equal

This was a set of a strictly real eigenvalue, eigetor and ¢ coefficient (ex: equation la of
Appendix V). As this set had its imaginary compasenull its formulation could be
simplified to the real components (ex: equations ddd 1c of Appendix V). The
eigenvector was equal for the correspondent stiagettasses of both ploidy phases of the
life cycle (i+s= ;) and thus cosf)=cos(;:s). The eigenvalue and the entries in the

eigenvector could be positive or negative, thugtsp the set into two sub-types:

1.1. With a negative eigenvalue

Its persistency rate shows it was only importantthe fertility domain (fig.2a). The
eigenvector had a structure that alternated pesdivd negative signs for the consecutive
stages within each phase (equation 1 of AppendixitMyas the same period of its real,
negative eigenvalue as it was raised to t. So, vutle each size class also alternated
between being favoured or prejudiced with that spam@d of 2. This set simulated pulses
of individuals that went up the demographic struetof the population, from spores to the
bigger ramets (see the sequence of pulses inAigB3and C). These pulses were caused by
the most immediate production of offspring. Thighe shortest, fastest path of growing to
the first size class and immediately to reproduesulting in a loop with a size of four
transitions which took four time steps (4t) to rieeo However, as each phase started with
its own offspring there were two simultaneous syitnimeulses resulting in an oscillation
with a period of half the time (2t) the loop toakdomplete itself. These pulses were more
prevailing the higher the relative fecunditieslué smaller size classes (fig.3 D). Ecological
dissimilarities brought a bias between complemengautries in the eigenvectosi£ci.4),
which gave a phase a cycle with a wider amplitdde3 A, B and C). However, when it
was estimated its linear combination with the damninset it resulted that the ploidy phase
abundances always kept the same proportionaliy3f) and so the H:D did not cycled. It

meant that the Real Equal Set with a negative gmjaa could only carry information
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about the component of these pulses that was extevebn phases. As a consequence, for
simulations in the fertility domain where there waro dissimilarities imposed, this set
showed the highest initial relative momentum. Itswalways about twice the relative

momentums of the other sets.
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Figure 3 — Real Equal Set with a negative eigervalan A, B and C the black solid line is haploids
and the blue dotted line is diploids. The biasactesize class was standardized to the bias in the
spores. In E the black lines are haploids, the bhes are diploids, the solid lines are the cdntra
tendency given by the Dominant Set and the doites lare the linear combination of the Dominant
Set with the Real and Equal Set.

1.2. With a positive eigenvalue

Its persistence rate shows it was only of modernamgortance in the looping domain
(fig.2a). This set did not produce any periodiewdation in the bia®€0). It simply faded
away monotonically with time. Ecological dissimitaas produced a bias from the central
tendency that always overrated the abundance ofahe ploidy phase (although fading
away). The favoured ploidy phase was always theesasrthe favoured by the dominant set

and it was always favoured in that same amount.
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2. Real and symmetric

This set was only relevant for the populationshie bboping domain, where it had a very
high persistence rate (fig.2b). This was a set wittrictly real eigenvalue, eigenvector and
c coefficient (ex: equation 2 of Appendix V). Thgenvalue was always positive=Q)
and the eigenvector had symmetrical signs for treespondent stage/size classes of both
phases of the life cyclen(s= n+m; => coSfi:4) = COSf+w;) = -CcoSfp;)). Thus it was
produced a bias from the central tendency that aeemtly favoured a phase in detriment
of the other. Under ecological similarity=ci+4 but the c coefficient was nuly£0) and so
this set turned obsolete (it was switched off). Wjithase dissimilarities either on the
demographic matrix or in the initial population t@¢ botho; # ci.4 and the ¢ coefficient
became non nully#0) bringing a momentum to a set (it was switchedl tat was
responsible for a monotonical transition to st&pi(fig.4). Often, more of these sets did
occur with lesser relevance in the transient dyoarbut still enough to eventually make
the transition not monotonical (as was the casesipé class 3 in fig.4). The linear
combination of the real symmetric sets simulatedploidy uneven component of the slow

diffusive flow of individuals up the population gtture.

size class 1 size class 2
0.4 "

-—-D Figure 4 — Trajectory of the linear
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3. Complex conjugate and equal

This set was very important close to growth domairere it showed a high persistence
rate, and lesser important in the looping domaig.Z€). It was a set of a complex
conjugate pair of eigenvalues, eigenvectors acoketficients (ex: equation 3 of Appendix
V). The eigenvectors were similar for the corregjsnt stage/size classes of both phases of
the life cycle. When the pairs were added theydgedla strictly real set in the form of
equation 3b that preserved the equality of sigmwdxen correspondent stage/size classes of
both phasesaf:sa= i => cosfi+4) = coSf;)). The structure of the added eigenvectors,
together with the added complex conjugate eigemglproduced a bias from the central
tendency that, as time passed, alternated in faxgpgome size classes in detriment of the
others. This set simulated pulses of individua# thent up the demographic structure of
the population, from spores to the bigger rametse Pulses were caused by the bulk
production of offspring. This was growing to thegdar, more fecund ramets and once
there, to reproduce. However, reproduction wagesiticted to the biggest ramet size class
and thus the average breeder was slightly belown3et size units. It resulted that the
average number of transitions in the bulk loop wkghtly below eight and thus it took
slightly below eight time steps (8t) to revolve.Whyer, as each phase started with its own
offspring, there were two symmetric loops genegatindividuals in two simultaneous
pulses, resulting in an oscillation with a periddalf the time (slightly below 4t) each loop
took to revolve (fig.5). This periodicity was simatgd by an eigenvalue with an anglen

the complex plane of approximately/2 (fig.6).

Size class 1 Size class 2
005
0051 | ;
: A . :
Bl e 7 b Figure 5 — Bias to the central tendency
8 Gl A U LN , -
s 0 L T / ‘\\_,-' ¥ given by the complex conjugate equal
! pair of eigenvectors, eigenvalues and ¢
005 005
v 8 & R B O F WOl coefficients. Simulation in the growth
Size class 3 Overall [ ... o .
005 126 class vera ___B domain with i=-3, g=0.8 and 1=0. This
002t A . .
& f__--r} By was the demographic matrix with the
8 .I': i ';_”\\ i s 0 ,’ 4'.. \ / \\L..,"c“‘ B . « . . . . .
E OB L A e o highest elasticity to G. Dissimilar G with
A oflop S I )
/ ds=0.8. Persistence rate = 0.84.
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The more concentrated the fecundities were in @eedass the higher the persistence rate
of the pulses X||/As), as individuals diffused less through other paifiee more the initial
population was concentrated in one size class ihgeb the relative initial momentum of
the pulses Zyy/Yy). The o; and ci.4 Were always approximate despite the amount of
dissimilarities between ploidy phases (fig.6). Henthe amplitudes of the pulses were
always very close between the haploid and diploputation structure (fig.5). This proved
that this set was only competent for simulating cbenponent of the pulses that was even
between ploidy phases. Furthermore, the eigenvaleigenvectors and c coefficients
responded to dissimilarities changing the absolatae of their entries\( ¢ andy) while
their angle in the complex plan, (o andp) exhibited insignificant differences (fig.6 but
not shown for the c coefficients). It proves digkmities change the initial momentum,
prevalence rate and amplitude of the pulse buitsgieriod.

eigenvalue size class 1 Figure 6 — Polar plots of the complex
a0 0001
i

conjugate equal pair of eigenvectors
L and eigenvalues. In the eigenvalue is

Je<i plotted A, and6, whereas in size class

e " is plotted o; andw; in red andoi.4

blue O . . . .
size class 2 e size class 3 and .4 in blue. Simulation in the

0.001
g 0

growth domain with i=-3, g=0.8 and
[=0. Dissimilarities tested forglfrom
1 to 0.6 at intervals of 0.02.

4.  Complex conjugate and symmetric

This set was particularly important in the fergiland in the growth domains but also in the
transition from the growth to the looping domaimough with a lesser relevance (fig.2d).
This was a set of a complex conjugated pair ofreigkies, eigenvectors ana@aefficients
(ex: equation 4 of Appendix V). The eigenvectorgeveymmetric for the correspondent
stage/size classes of both phases of the life cyéleen the pairs were added they yielded a

strictly real set in the form of equation 3b theg¢gerved the symmetricity of signs between
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correspondent stage/size classes of both phases @+wo; => cospi4) = cosgtw;) =
-cos(j)). This structure, together with the complex cgajied pair of eigenvalues,
produced a bias from the central tendency thdiprespassed, alternatively favoured some
size classes in detriment of others, thus alsolaiing pulse flows. However, as the signs
of the added eigenvector entries were complemertetyeen ploidy phases, these pulses
were out of phase but synchronized between ploidses (fig.7); meaning that the peaks

of one phase were the sinks of the other phase.

Size class 1 Size class 2
0.0 0.01 )
A ooosl Figure 7 — Bias to the central tendency
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0.01 = _ ,
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B BE T ONULARER | e % WS higher elasticity to G. Dissimilar G
VI 2 e
. 001

T & B %s o E % % with dz=0.8. Persistence rate = 0.95.

When simulated in the growth domain these eigemghad an anglé in the complex
plane that was half the angle of the complex catgigqual eigenvalues, thus causing an
oscillation with double the period. That was beeatlds complex conjugate symmetric set
was only simulating the uneven component of thesedlow of individuals through the
bulk loop in the life cycle. The flow of the unbate is similar to the flow of a single
un-paralleled pulse. However, when simulated infénlity domain these eigenvalues had
an angle6 in the complex plane that was half the angle & ttegative real equal
eigenvalue. That was because this complex conjugjatenetric set was only simulating
the uneven component of the pulse flow of individuarough the shortest loop in the life
cycle. So, whatever the life strategy domain ane ghoidy uneven pulse flow, the
unbalance between ploidy phases was always repegsdry the complex conjugated

symmetric set.
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Dissimilarities in the vital rates had little effeim the angle of the eigenvalues,
eigenvectors and c coefficients in the complex @land basically resulted in the change of
their absolute valued.(c andy). This proves that dissimilarities did not chanige period
of the oscillation but rather its amplitude),(initial momentum+) and prevalence rat&)(

In particular, in the absence of dissimilaritiestween ploidy phases in both the
demographic matrix and the initial population vectbis set was switched off by a null ¢
coefficient (thus, null momentum).

Having presented the dynamics of this set it is moyortant to reveal that there
were usually two of these sets for a given demdgcamatrix. One related to the shortest
loop in the life cycle and the other related to Ik loop. Which set started stronger and
damped away slower depended on the populationislsta terms of fertilityvs growth

domain.

Effects of dissmilarity between ploidy phases
The c coefficients, being different or equal tozevere like a switch that turned on and off
the symmetric sets according to the presence @nabsof ploidy dissimilarities. A ploidy
even population structure could not be given by lthear combination that contained a
ploidy uneven eigenvector. On the other hand, &ylaneven population structure could
hardly be given by a linear combination exclusivalgigenvectors that tended to be ploidy
even. Besides switching on and off, when dissintiée were imposed, the equal sets
reduced their relative initial momentums (the negasensibilities) while the symmetric
sets increased them (the positive sensibilitiek)s vas a consequence of the symmetric
sets replacing the equal sets in simulating therdldncreasing the ploidy dissimilarities
also increased the wave amplitude of the uneverpoaent of the flow. Nevertheless, as
the oscillations of the size classes were out esphthese tended to smooth the bias in the
overall abundances of the phases (figures 4 and 7).

The responsiveness of the oscillatory propertiesaoh set was only tested in the F,
G or L domains where it was previously found refev@able 1). When in the particular
case of the real and symmetric set in the loopmmaln there were actually several sets of
this type. Therefore, it was estimated the sersitiof the sum of their relative initial

momentumsXyy/Yy).
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Table | — Responsiveness of the several sets.daepmwith i=-2, g=0.01 and 1=0.05 (a4)>0.95,
f=nrad and relative persistence rate=0.9. (b and tt) wi3.8, g=0.02 and | = 0.96 (b)= 0.75,
6=0rad and relative persistence rate=0.752£.98 0.79 0.63 0.01h=[0 0 0 OJrad and relative
persistence rate=[0.94 0.76 0.6 0.01]. (d and tf wi-3, g=0.8 and 1=0.01, (d)=0.88,60=t1.71rad
and relative persistence rate=0.84.Xe).001,0=+1.52rad and relative persistence rate=0.95. (f)
1=0.99,06=+0.89rad and relative persistence rate=0.95. {tf) iw-3.4 g=0.04 and 1=0.92,=0.82,

0= +0.024rad and relative persistence rate=0.81.

to

Real and equal set in thefertility domain (a)

o d|:: dG: d|_ . dss dl dz d3
Ao/ \a 0.007 -0.002 -0.011 0 0 0 0
o2los 0.499 -0.002 0.011 0 0 0 0
03/06 0.499 -0.992 0.028 0 0 0 0
o4log 0.499 -1.973 0.044 0 0 0 0
Yo/Ye 107 0.001 0.001 -0.001 -10 -0.002 0.003
Real and equal set in the looping domain (b)
Mo/ Aa -0.034 -0.004 -90 0 0 0 0
o2los 0.499 1.499 0.476 0 0 0 0
03/06 0.499 2.514 1.389 0 0 0 0
o4log 0.499 1.499 2.307 0 0 0 0
Yo/Ye -0.004 0.008 0.001 -10 0.1 -0.156 0.056
Real and symmetric setsin the looping domain (c)
Ao/ Aa -0.031 -0.012 -0.007 0 0 0 0
o2los 0.499 1.250 17.9 0 0 0 0
03/06 0.499 0.147 13.9 0 0 0 0
o4losg 0.499 -0.845 10.8 0 0 0 0
SvulYy 0.268 0.226 13 10-4 0.039 0.163 0.364
Complex conjugate equal set in the growth domain (d)
Mo/Aa -0.021 0.046 -0.004 0 0 0 0
02los 0.499 1.004 -0.003 0 0 0 0
03/06 0.499 0.005 -0.0002 0 0 0 0
o4log 0.499 -0.985 0.001 0 0 0 0
Yo/Ye -0.071 -0.188 -0.002 0.0001 -0.145 -0.29 -0.111
Complex conjugate symmetric set in the fertility domain (e)

Mo/ Aa 0.011 -0.011 -0.012 0 0 0 0
02los 0.499 0.0006 -0.001 0 0 0 0
03/06 0.499 -0.989 -0.001 0 0 0 0
o4log 0.499 -1.970 -0.002 0 0 0 0
Yo/Ye 0.235 0.007 0.008 10 0.03 0.148 0.148
Yo/Ye 0.194 0.16 0.002 10 0.14 0.17 0.143

(continues)
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(continued)

Complex conjugate symmetric set in the growth domain (f)

Mo/ ha -0.006 0.014 -0.002 0 0 0 0
o2los 0.499 0.793 -0.0001 0 0 0 0
o3/ce 0.499 -0.204 -0.005 0 0 0 0
o4log 0.499 -1.193 -0.009 0 0 0 0
Complex conjugate symmetric set in the looping domain (g)
Ao/ Aa -0.032 -0.005 0.054 0 0 0 0
o2los 0.499 0.968 8.719 0 0 0 0
o3/ce 0.499 -0.308 0.489 0 0 0 0
o4log 0.499 -1.295 -4.275 0 0 0 0
Yo/Ya 0.366 0.36 13.1 10 0.213 0.239 0.007

The eigenvalues and eigenvectors are exclusivetgraéned by its associated
demographic matrix. This is a known algebra theord@inerefore, both the relative
persistence rates and the phase ratios withinigeneectors were only elastic to changes
in the demographic matrix and not in the initiapptation structure. On the contrary, the ¢
coefficients are determined by both the demograph&trix and the initial population
structure. Therefore the relative initial momentumvere sensitive to dissimilarities
anywhere. The properties of the transient phase whkvays much more responsive to a
particular type of vital rate when in its respeetlife strategy domain. This was particularly
evident for the looping rates, to which the transighase was much more elastic when in
the looping domain.

The phase ratio within the eigenvectors always tad99 elasticities to
dissimilarities in fertility. This is the same dsetconstant 0.5 elasticity of the H:D to
fertility analytically determined in the second phex, the difference being the precision
error in the current numerical estimates. Dissinti&s in looping rates induced a change in
the phase ratio contrary from the change induceddisgimilarities in fertility rates.
Dissimilarities in growth induced a change in th@age ratio of the smaller ramets contrary
to the change in the phase ratio of the bigger tanadl this is also in accordance with the
previous findings in the second chapter. It is inguat to retain that the elasticities of the
phase ratio within the eigenvector to the dissirities were tested increasing the diploid

rates and abundances. Therefore, an increase loiddfprtility contributed to an increase
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in haploids abundance and thus an increase onhihgepratio (positive elasticity). On the
other hand, an increase in diploid growth or logptontributed to an increase in diploids

abundance and thus a decrease on the phase egatiie elasticity).

Systematization of the transient trajectory

The transient trajectory could be perfectly resunimd the several distinct sets of
eigenvalues, eigenvectors and c coefficients, eagtesenting a different types of flow of
individuals (or model units) up the population sture within each ploidy phase. These
were either slow diffusive flows or fast pulse flevand ploidy even or uneven. Therefore,
the transient trajectory could also be classifigddentifying which were the important sets
in each life strategy domain.

1. Inlife-strategiesin the fertility domain

These populations had their transient trajectoclesracterized by pulses of ramets that
came with a short wave length (4t). These pulsese wiee production and flow of the
offspring through the shortest loop in the lifedeycWhen two simultaneous pulses
occurred, starting at equivalent stages of eachseh#he population numbers had
long-lasting oscillations with half the period (2The component of these pulses that was
even between ploidy phases was given by the Redl Equal Set. Nevertheless,
dissimilarities between phases either in the lifele or in the initial population structure
caused the two parallel pulses to oscillate wittiedgnt amplitudes resulting in a H:D
oscillation with double that period (4t; see fig))8This component of the oscillation was
given by the Complex Conjugated Symmetric Set. pdwsistence of these pulses through
the shortest loop in the life cycle was increasgdibsimilarities between ploidy phases in
fertility rates; but it was reduced by dissimilee# between ploidy phases in growth or
looping rates because these enhanced the effettie oiheven flow of individuals through
other paths and loops. As a matter of fact, thegélbw of individuals through the main
loop was also present and had a higher prevaleatee lHowever, it always came with a

very low initial momentum which made it meaningless

62



2. Inlife-strategies in the growth domain

These populations had their transient structuresadterized by long-lasting pulses of
ramets coming with a big wave length (approxima&t)yand originated by the production
and flow of the offspring through the bulk loopthre life-cycle. As most of the offspring
production was done by bigger ramets the bulk lmogne life-cycle had a higher number
of transitions which took more time to complete. &liwo simultaneous pulses occurred,
starting at equivalent stages of each phase, tpelgimon structure suffered oscillations
with a period of approximately 4t. This was simathby the complex conjugated and equal
set. In the advent of dissimilarities between plouhases the H:D oscillated with double
that period (fig. 8b). This was due to the unevemvfof individuals, which was mainly
simulated by the complex conjugate and symmetric Bessimilarities between ploidy
phases in fertility or growth rates had a modee#fiect on the initial strength of the uneven
component of these pulses and a low effect in #te at which they prevail. However,
dissimilarities in the growth rate of the rametgesely biased the flow of the individuals to
the bigger size classes and thus greatly affedtedamplitude of the H:D oscillations.
Although the transient phase was dominated by titeedflow through the main loop, in the
advent of recolonization the first pulse of indivads was through the shortest loop in the

life cycle. Hence the odd initial oscillation saarfig.8b.

Figure 8 —H:D transient trajectories with the

D; al p life strategy in: (a) fertility domain with i=-2,

2 " 1 g=0.08, 1=0.05, g0.5, &=1, d=1; (b)
growth domain with i=-3, g=0.8, 1=0.01;=l,
ds=0.8, d=1; (c) looping domain with i=-3.8,

. b | 2 0=0.01, 1=0.96, g1, cs=1, d=0.95, dporc4,

14

1 1 " di=4, d=4 and g=4. (d) between the fertility

05 04 and the growth domain with i=-2.5, g=0.5,
0 7 W A 04 8 1R2BB0MA2A0

3 > I=0, d=0.5, &=0.5, d=1 (e) between the

o 2 . fertility and the looping domain with i=-2.5,
: ¢ 1
" 0 g=0.05, 1=0.5, g2, cb=1, d.=0.7; (f) between
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3. Inlife-strategiesin the looping domain

These populations had their transient trajectodeminated by the slow monotonical
transition from the initial structure to the stabteucture (fig.8c), which originated from the
slow diffusion of individuals through the life cycl This was simulated by the linear
combination of the real symmetric sets (fig.4), teal equal set with a positive eigenvalue
and the dominant set. All the features of thisgramt trajectory were extremely responsive
to dissimilarities in looping rates and little resgive to anything else. Notice from figure
8c the difference between the dissimilarities ingabs the looping rates and the imposed
upon the initial population structure. A shift ihgse dominance (like in fig.8c) could only
be attained if the phase that dominated the intiigdulation structure was opposite to the
phase that dominated the stable population streicAuparticular situation did occur when |
was decreased slightly and g was increased sligagy|=0.87 and g=0.1). In these cases
the survival rate was still in the vicinity of he population was still dominated by looping
but the real sets gave way to the complex conjdgeatets. However, these new
subdominant complex eigenvalues lagery close to 0. These sets were replacing tHe rea
symmetric ones copying their dynamics and role.sTh practice, everything stood the

same.

4. Inlife-strategiesin the transition from the fertility to the growth domain

In these populations the pulse flow of individutddeough the shorter loop in the life cycle
prevailed in the first few instances but soon mérg&h and gave way to the pulse flow
through the main loop. This could be observed ftbenH:D cycle where an initial period

of approximately 4 was gradually overwhelmed byoagker period that asymptotically

tended to approximately 8 (fig.8d). However, thephiude of the oscillations decayed fast
and the progression of this shift rapidly becaméede

5. Inlife-strategiesin the transition from the fertility to the looping domain
These populations had the pulse flow of individuail®ugh the shortest loop in the life
cycle merged with the slow diffusive flow of inddaals throughout the life cycle until its

settlement at the stable population structureesulted in a short lasting transient phase
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with the population attaining its stable structso®n after restart. Therefore, also the H:D

oscillation with a 4t wave length quickly dampedsgwio the H:D at steady-state (fig.8e).

6. Inlife-strategiesin the transition from the growth to the looping domain

These populations had the pulse flow of individuhl®ugh the bulk loop in the life cycle
merged with the slow diffusive flow of individuakhroughout the life cycle until its
settlement at the stable population structureesulted in a short lasting transient phase
with the population attaining its stable structso®n after restart. Therefore, also the H:D

oscillation with a 8t wave length quickly dampedsgvio the H:D at steady-state (fig.8f).

DISCUSSION

The present work demonstrated biphasic life cyshlesv an H:D variability in their
transient trajectories in the presence of ploidpagghdissimilarities in the demographic
matrix and/or initial population vector. The traars trajectories are very specific to the
type of life strategy adopted by the species ag #ne originated by specific demographic
processes. These are simulated by specific eigerge®igenvalues and c coefficients
extracted from the demographic matrix and initiapplation structure. It was found that
species which invest mainly in fertility exhibitgh frequency H:D oscillations that damp
away fast. It is due to the flow of individuals digh the shorter, faster loop in the
life-cycle. Species that invest mainly in growthhisit lower frequency H:D oscillations
that damp away slower. It is due to the flow ofiwduals through the main loop in the
life-cycle. Species that invest mainly in loopirgpiresponding to investment in survival)
exhibit no H:D oscillations but rather a slow masrutal transition. It is due to the slow
diffusive flow of individuals through the life cy&l Species that lye in the transitions
between two life strategies exhibit transient ttyeaes with the conjugation of the specific
features from each type.

The present work showed the H:D may vary over tsokly due to the own
structure of the life cycle. In fact, even if theveonment is generally stable, any punctual

time instability in the population structure or degnaphic matrix shall generate and H:D
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time variability. All it takes is dissimilaritiesetween ploidy phases in (i) the vital rates
and/or (i) in the initial population structure. 0%y a cyclic time variation of the H:D in a
particular population, as observed by Thornber@auhes (2003), can not be automatically
taken as evidence of seasonality. Likewise, a ahamghe H:D over a period of 12 years
(Scrosati and Mudge 2004a) should not be immediateken as evidence that the
population is evolving to a new situation. Relalyve point (i) dissimilarities between
ploidy phases were found over the fecundity rate$Strosati et al (1994), Gonzalez and
Meneses (1996), Santos and Duarte (1996), ThoanzeGaines (2004) and Thornber et al
(2006). These could be seasonal, herbivory depé¢raiehcould possibly be due to their
differential cytological process of gametes/sparepction. Dissimilarities between ploidy
phases were also found for spore performance byobéwe et al (1989), Scrosati et al
(1994), Gonzalez and Meneses (1996), Garza-Sarethaiz(2000), Carmona and Santos
(2006), Roleda et al (2008) and Pacheco-Ruiz €2@l1), and for ramets growth and
survival rates by Destombe et al (1989), Gonzaled kleneses (1996), Carmona and
Santos (2006), Thornber et al (2006), Vergés €R@0D8) and Pacheco-Ruiz et al (2011)
which are possibly due to conditional differentati Relatively to point (ii) a population
structure may get biased from its stable structumenever there is a perturbation in the
population effectives. It may happen following eovimental extreme events or extreme
grazing or competition events, provided they affptdidy phases differentially. One
particular situation that conjugates points (i) anyl is when the demographic matrix
changes, as it implies that the population strectat the time of change is the initial
population structure of a new run. There are séwveags this situation is likely to occur: it
may be a change in the vital rates inside the gahwr the fertility sub-block of the
demographic matrix, due to seasonality; or it may rbproductive asynchrony of the
spore/gametes donor population, which was alreagprted forGelidium sesquipedale
(Santos and Duarte 1996)

This work has demonstrated that, in an environntieait is spatially homogeneous
(there was no spatial discretization in the modat) tends to be stable through time, ploidy
dissimilarities in either fertility or growth ratedone are able to create cyclic time niche
partitions that damp away with time. However, agglas punctual extreme events arrive,

even at low frequencies, it may be enough for tipdsiely dissimilarities to generate over
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the time dimension the niche partition necessarye evolution and stability of biphasic
life cycles. On the other hand, ploidy dissimiliest in a particular looping rate alone
(basically in surviving or clonal growing) are radile to do this and need a counter weight.
If a phase is beneficed by looping in a particelavironmental condition, the other phase
should either be (i) beneficed by looping at aerakitive environmental condition, or (ii)
beneficed by fertility, growth or a different asp@é looping at the same environmental
conditions. To support this statement, in the sanohs of looping dominated life
strategies with ploidy dissimilarities imposed ovieoping rates, a shift in ploidy
dominance only occurred when the initial H:D wapagite to the asymptotic H:D. While
the latter H:D was imposed by ploidy dissimilasti@ looping rates, the former H:D could
only be imposed by ploidy dissimilarities in fecitgdor spore performance. Furthermore,
if this counter-weighting occurs in life strategiest so much dominated by looping, the
shift from the initial to the asymptotic H:D is esqied to go through a cyclic alternation of
ploidy dominance that dumps away with time, as g{dm®@d in figure 8 (e and f).

The argumentation of the cyclic oscillations promgtthe necessary conditions for
the evolution and stability of biphasic life cyclesay be twisted around or have to be
restricted to the absence of a seasonality tha&tctsffthe demographic matrix. This is
because the oscillations are induced by the ovwencltle structure, which may induce an
H:D evolution miss-fitted to the environmental a/cBupposing the environment changes
to a situation where a ploidy phase is fitter titiag other because it reproduces or grows
better. If the environmental cycle has a periodieitder than the one imposed by the life
cycle structure, there is only an increase in terage population fitness for a restricted
amount of time. After that, the own life cycle stture and not the environment, forces the
population to shift to the lesser fit phase. Thpyation may come around this problem if
the wavelength of the oscillation induced by ttie tycle is wider than the seasonality. In
such case, while the seasonal conditions are Hettexr particular ploidy phase the phase
dominance imposed by the life cycle structure shbllays fit. The seasonal conditions
better for the opposite phase appear prior to tdpulation entering a time sequence with
the dominance of the lesser fit phase,. When thd@remmental change occurs the
population starts a new oscillation with the domice of the greater fit phase and the

process is repeated. Awareness about this posgilsiifundamental for future theoretical
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research about the evolution and stability of bgihdife cycles. The outcome of the
modelling essays may be strongly dependent onutegidn of the simulated shorter and/or
main loops of the life cycle relative to the seadiiyn This problem should not occur with
ploidy dissimilarities only in the survival ratelh such case the H:D evolution should
always be directly proportional to the ploidy figseratio. All these possibilities become
particularly relevant for the species which wereuwtoented to seasonally shift their H:D,
their ploidy dissimilarities, or were simply repedtto have a time variable dynamics. Such
were the cases @racilaria verrucosa (Destombe et al 1989Fhondrus crispus (Scrosati
et al 1994), Chondracanthus chamissoi (Gonzalez and Meneses 1996kelidium
sesquipedale (Santos and Duarte 1996Mazzaella cornucopiae (Scrosati 1998),
Sarcothalia crigpata (Otaiza et al 2001 Rterocladiella capillacea (Serviere-Zaragoza and
Scrosati 2002) Mazzaella splendens (Dyck and DeWreede 2006§elidium pusillum
(Prathep et al 2008)Gracilaria gracilis (Martin et al 2010) andrateloupia turuturu
(Arauvjo et al 2011), showing seasonality is worldevin isomorphic biphasic life cycles.
Thornber and Gaines (2003) reported the H:D ggdgeal and time variability for
Mazzaella flaccida. They later found the average H:DM#azzaella flaccida could only be
justified by their observed ploidy dissimilarities fertility rates, whereas the geographical
variability of its H:D could only be justified byhéir observed ploidy dissimilarities in
survival rates (Thornber and Gaines 2004). Vieird 8antosgccepted) generalized that
H:D geographical variabilities such as the obsefyed hornber and Gaines (2003) could
easily be set by ploidy dissimilarities in loopireges provided its life strategy is dominated
by survival, whereas it could hardly be set by @joidissimilarities in fertility rates,
whatever the life strategy. However, the surviatkes ofMazzaella flaccida reported by
Thornber and Gaines (2004) dismiss any claim fdo ibe a survival strategist. Thus, if
indeed are ploidy dissimilarities in looping rates set the H:D, these must also be
conspicuous. To this matter, clonal growth is glog rate with a tremendous potential to
set an uneven H:D (Vieira and Santos 2010), whias weported to be conspicuously
ploidy dissimilar (Destombe et al 1989) but that handentiously been neglected. It is
noteworthy that the H.D dWlazzaella flaccida observed by Thornber and Gaines (2003) at
both Piedras Blancas and Vandenberg with a fingpéeah resolution show an outstanding

match to the transient H:D patterns predicted leydinrent model for life strategies in the
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transition between fertility and survival dominatedh ploidy dissimilarities in both types
of vital rates. The periodic oscillations at PiedBlancas closely fitted the yearly cycle
only at the beginning and damped away fast; butatoVandenberg. Furthermore, at
Piedras Blancas, there seams to occur a slow chantpe central tendency of the H:D
from slightly below 1 to slightly above 1.The ovémiming difference in the oscillation
period of Vandenberg relative to Piedras Blancapoissible if the ramets there survive
more, get older, attain bigger sizes or get sexuadature latter. Still, these are just
suppositions and need be experimentally demondtrateelated situation was reported by
Gonzalez and Meneses (1996) in what seems to henditional differentiation of the
ploidy phases ohondracantus chamissoi involving different types of vital rates. These
authors observed that tetraspores were better tampospores at settlement and
germination whereas tetrasporophytes were betten gdametophytes at growing and
reproducing.
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