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Kelp life-cycle transitions are complex and
susceptible to various (a)biotic controls. Under-
standing the microscopic part of the kelp’s lifecycle is
of key importance, as gametophytes form a critical
phase influencing, among others, the distributional
limits of the species. Many environmental controls
have been identified that affect kelp gametogenesis,
whose interactive effects can be subtle and
counterintuitive. Here we performed a fully factorial
experiment on the (interactive) influences of light
intensity, light quality, and the Initial Gametophyte
Density (IGD) on Saccharina latissima reproduction
and vegetative growth of delayed gametophytes. A
total of 144 cultures were followed over a period of
21 d. The IGD was a key determinant for
reproductive success, with increased IGDs (≥0.04 mg
DW � mL�1) practically halting reproduction.
Interestingly, the effects of IGDs were not affected
by nutrient availability, suggesting a resource-
independent effect of density on reproduction. The
Photosynthetically Usable Radiation (PUR),
overarching the quantitative contribution of both light
intensity and light quality, correlated with both
reproduction and vegetative growth. The PUR
furthermore specifies that the contribution of light
quality, as a lifecycle control, is a matter of absorbed
photon flux instead of color signaling. We
hypothesize that (i) the number of photons absorbed,
independent of their specific wavelength, and (ii)
IGD interactions, independent of nutrient availability,
are major determinants of reproduction in S. latissima

gametophytes. These insights help understand kelp
gametophyte development and dispersal under
natural conditions, while also aiding the control of
in vitro gametophyte cultures.

Key index words: Gametophyte; Initial Gametophyte
Density; Interaction; Kelp; Lifecycle control; Light
intensity; Light quality; Photosynthetically Usable
Radiation; Reproduction; Saccharina latissima;
Vegetative growth

Abbreviations: IGD, initial gametophyte density;
PUR, photosynthetically usable radiation; ClO�,
hypochlorite

Kelp species of the family Laminariaceae have a
heteromorphic lifecycle that alternates between hap-
loid gametophytes and diploid sporophytes. In con-
trast to the macroscopic sporophytes, the haploid
gametophytes are of a microscopic nature and espe-
cially delayed gametophytes are relatively understud-
ied (Bartsch et al. 2008). Delayed gametophytes
remain vegetative under limiting conditions (Kinlan
et al. 2003), disperse through fracturing (Destombe
and Oppliger 2011), can persist for prolonged peri-
ods of time (Carney 2011), even up to years (Zhao
et al. 2016), and remain highly sensitive to changes
in environmental quality (Edwards 2000, Carney and
Edwards 2006). The asexual reproduction, growth,
and increase of gametophyte biomass is regarded to
be the adaptive form for stressful environments
(Dieck 1993). To date, the lifecycle controls that
determine whether delayed gametophytes persist
their asexual vegetative growth or rather start gameto-
genesis (i.e., sexual reproduction to form sporo-
phytes) remains open for exploration. A better
understanding on this microscopic part of the kelp’s
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lifecycle is highly needed, as this phase largely deter-
mines their recruitment success (Wiencke et al. 2006,
Fredersdorf et al. 2009). The transition to the genera-
tive phase is furthermore thought to be highly suscep-
tible to environmental perturbations, and hence a
critical process in determining the distributional lim-
its of the species (Destombe and Oppliger 2011).

Whether kelp gametophytes initiate gametogenesis
may be influenced by a range of abiotic factors such
as temperature (L€uning and Neushul 1978, Morita
et al. 2003), light intensity (Hsiao and Druehl 1971,
Bolton and Levitt 1985), photoperiod (Hsiao and
Druehl 1971, Choi et al. 2005), and nutrient avail-
ability (Harries 1932, Martins et al. 2017). Light
intensity has been described as a generic abiotic fac-
tor controlling gametogenesis, with broad light
intensity gradients in which gametogenesis was suc-
cessfully induced (L€uning 1980, Lee and Brinkhuis
1988). Especially the spectral composition of light is
considered a major influencer of gametogenesis,
with blue light acting as a major inducer of gameto-
genesis (L€uning and Dring 1972, 1975, Ratcliff et al.
2017). The combination of light intensity and light
quality can be functionally integrated as the Photo-
synthetically Usable Radiation (PUR; Fig. 1). PUR as
an abiotic lifecycle control has never been assessed
in kelp gametophytes. Integrating light intensity and
light quality into PUR, as a single variable, further
elaborates how light quality functions as a gametoge-
nesis inducer, as PUR consists out of the light qual-
ity-dependent photon flux of absorbed photons by
an organism (Orefice et al. 2016).

Biotic factors have also been identified as poten-
tial lifecycle control mechanisms for gametogenesis,

especially within the Phaeophyceae (Pohnert and
Boland 2002, Frenkel et al. 2014). Most studies on
the Phaeophyceae have focused on sexual phero-
mones like ectocarpene (M€uller et al. 1971),
fucoserratene (M€uller and Jaenicke 1973), or lam-
oxirene (Marner et al. 1984). Culture density has
been shown to influence reproduction, with higher
densities resulting in lower reproductive success
(Reed 1990, Reed et al. 1991, Choi et al. 2005, Car-
ney and Edwards 2010). Culture density was hereby
always described as an indirect biotic factor, with
population size also affecting other primary abiotic
factors like nutrient availability or light intensity.
No studies have looked at gametophyte population
density as a direct biotic factor regulating reproduc-
tion, independent of nutrient availability, or light
intensity. Since density-dependent behavioral mech-
anisms (e.g., quorum sensing) are found wide-
spread within the eukaryotic kingdom (Amin et al.
2012), including the sporophytes of the Phaeo-
phyceae (Dayton et al. 1984), such density-depen-
dent mechanisms might also affect gametophytes.
In the case of gametophytes, population density
(mg DW � mL�1) might be at the heart of whether
gametophytes initiate gametogenesis or keep grow-
ing vegetatively.
Since the gametophyte life phase is considered to

be the adaptive form for stressful environments,
gametophyte vegetative growth may be expected to
be promoted under sub-optimal conditions (L€uning
1980). The Initial Gametophyte Density (IGD) may
therefore have a substantial influence on whether a
single gametophyte perceives its environment opti-
mal or as sub-optimal. If a higher IGD simulates

FIG. 1. The light absorbance spectrum of Saccharina latissima gametophytes (black line) projected over the spectral distribution of four
light qualities (white, yellow, red, and blue), produced by different experimental sources. Light was measured at different wavelengths
from 400 nm until 700 nm, and peak emission strength was normalized to 1 and plotted against the absorbance of the culture (%).
[Color figure can be viewed at wileyonlinelibrary.com]
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suboptimal conditions it would especially influence
the reproduction of delayed gametophytes, since
prolonged periods of vegetative growth prior to
gametogenesis automatically results in higher IGDs,
therefore lowering reproductive success. Under-
standing the direct influence of IGD on delayed
gametophytes is especially important for the sea-
weed industry, where genetic strain development is
still considered a major challenge (Kim et al. 2017).
Strain development in kelp is established using
gametophyte clone cultures that have grown vegeta-
tively for prolonged periods of time, hence resulting
in artificially increased IGDs to levels that might be
considered sub-optimal for reproduction.

Light intensity, light quality, and their overarch-
ing abiotic factor (PUR), combined with the IGD as
direct biotic lifecycle control, have to our knowledge
never been investigated in a full factorial design for
delayed gametophytes. Here we address the ques-
tion on how the interaction of such environmental
factors influences reproduction and the vegetative
growth of delayed kelp gametophytes, using the eco-
nomically important North Atlantic species Saccha-
rina latissima. We hypothesize that lifecycle control
drivers include (i) IGD as a direct biotic control,
with higher gametophyte densities inhibiting repro-
duction, thus promoting vegetative growth; and (ii)
PUR as an abiotic lifecycle control that functionally
integrates the influence of both light quality and
light intensity.

METHODS

Saccharina latissima sporophyte collection. Ripe Saccharina
latissima sori were collected along the coast of Flekkefjord,
Norway (58.2983751, 6.1107353° E) on December 1, 2016.
Ten parental individuals were pooled, where the ripe sori
were cut out of the blade and cleaned thoroughly using
absorbent paper. The sori were submerged in hypochlorite
0.15% (ClO�) and subsequently washed in pasteurized seawa-
ter (80°C for 5 h in three cycles). The cleaned sori were then
placed in an incubator (12°C) overnight in order to dry. The
next day the sori were placed in to flasks (400 mL) filled with
pasteurized seawater for zoospores to be released, after which
the zoospores developed into gametophytes through time.
The gametophyte stock cultures were hereafter incubated at
(12°C) under red light (30 lmol photons � m�2 � s�1;
12:12 h), using f/2 medium (Guillard and Ryther 1962).
These cultures were incubated for 343 d prior to the start of
the experiment in high-density cultures (˃0.08 mg DW �
mL�1). During this period the cultures grew vegetatively and
were monitored and refreshed on a monthly basis.

Light conditions. Randomly filled 24-well plates (n = 36)
with a volume of 3 mL were placed under five different light
intensities (5, 10, 30, 60, and 80 lmol photons � m�2 � s�1)
and four different light qualities (White-, Blue-, Red-, and Yel-
low light; Fig. 1). The light qualities in this experiment were
provided through either fluorescent tube lights (warm white)
or LEDs. Tube lights were used for the colors white, red, and
yellow. The colors red and yellow were achieved using spe-
cially designed color sleeves (Eurolite, Vadodara, India). It
was impossible to achieve high irradiances of blue light using
tube light sleeves, therefore we had to use blue LEDs in this
experiment. We choose to use a different light intensity

gradient for red light because we had no material at our dis-
posal to increase the light intensity above 60 lmol pho-
tons � m�2 � s�1. Spectral distributions were measured using a
modular multispectral radiometer (TriOs Ramses ARC,
Rastede, Germany; Heuermann et al. 1999; Fig. 1). Variations
in light intensity were achieved through specific placements
of the cultures in respect to the light sources.

Gametophyte culture measurements. Part of the stock gameto-
phyte culture was diluted at the start of the experiment
(Fig. S1 in the Supporting Information), to four Initial Game-
tophyte Densities (0.01, 0.02, 0.04, and 0.08 mg DW � mL�1).
Fluorometry was used to estimate the biomass for IGD as well
as further measurements through time, using the chlorophyll-
a concentration [Chl a] as a proxy for phytoplankton biomass
(Huot et al. 2007). This was done by extrapolating measure-
ments from a Chl-a calibration line (Fig. S2 in the Support-
ing Information), coming from fluorometry measurements
(Fast Ocean/Act2 FRRF, Chelsea Technologies Group Ltd)
and relating this to freeze-dried gametophyte dry weight
(DW) measurements using 21 gametophyte cultures (60 mL).
This extrapolation was necessary because of the very low
quantities of gametophyte biomass in the 3 mL wells. The
maximum PSII photosynthetic efficiency (Fv/Fm; Suggett
et al. 2009), a proxy of cell viability, was furthermore mea-
sured using the FRRF and was followed during the experi-
ment. The samples were dark-adapted overnight before these
measurements were taken (Fig. S3 in the Supporting Infor-
mation).

Reproductive success. Reproductive success, that is, number
of successfully formed young sporophytes (≥25 lm length)
per mL (Fig. S4 in the Supporting Information), was deter-
mined on day 21 (cf Choi et al. 2005, Martins et al. 2017).
Microscopic observations showed that the young sporophytes
only developed on the bottom of the well plates, and all were
counted per triplet of the experimental conditions. After
21 d, all fertilized oogonia had developed into small sporo-
phytes and the sizes of the sporophytes were still small
enough for accurate counting of the single individuals.

Photosynthetically usable radiation. A spectrophotometer (Agi-
lent Cary 100 UV-VIS fitted with a Labsphere DRA –CA-3300
integrating sphere) was used to measure the absorbance spec-
trum of the gametophytes (Fig. 1). The absolute absorbed light
per specific wavelength was then used for the calculation of
PUR under the Photosynthetic Active Radiation spectrum (400–
700 nm), using the following equation:

X700

k¼400
PARðkÞaðkÞdk

where a(k) is described as the probability that a photon of a
given wavelength will be absorbed by the cells, which is
derived from the absorption spectrum of gametophytes at the
given wavelength (k) and cell size (d; Orefice et al. 2016).

Nutrient experiment. A nutrient experiment was conducted
to investigate the effects of nutrient availability on reproduc-
tion, using identical experimental protocols as the full factorial
experiment described above (12°C; 30 lmol pho-
tons � m�2 � s�1, white light). Cultures in this experiment were
either placed in pasteurized seawater (nutrient poor) or in sea-
water enriched with f/2 medium (Guillard and Ryther 1962).
The experiment was done using a dilution gradient of six IGDs
(0.007, 0.012, 0.22, 0.038, 0.07, and 0.12 mg DW � mL�1). We
plotted the relative reproductive success (sporophytes � mg�1)
on the y-axis instead of the reproductive success (sporophytes �
mL�1), by calculating the amount of sporophytes that were
produced per mg dry weight IGD instead of mL culture.

Statistical analysis. All statistical analysis was done using
SPSS 20.0.0 statistical package (SPSS Inc., Chicago, IL, USA)
and Sigmaplot 13.0 (Systat software Inc., London, UK). A
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linear regression using a second-order polynomial (parabola)
was fit over both the effects of IGD and PUR on the repro-
ductive success in R (R Core Team 2018) after log transfor-
mation of reproduction, IGD, and PUR values. This function
was chosen through Akaike information criterion (AIC)
model comparison of linear, parabolic, and log–log parabolic
functions (Akaike 1969). Predictors for the vegetative growth
were evaluated using a stepwise linear regression (fixed fac-
tors: light intensity, light quality, and IGD). All data were nor-
mally distributed and analyzed for homogeneity using the
Levene’s test of variance. In case of unequal variances, a
robust test of equality of means for unequal variances was
applied (Welch t-test). A Games–Howell nonparametric post
hoc comparison was subsequently applied to test for signifi-
cant differences between the subgroups (light qualities, light
intensities, Nutrients, and IGDs). If the data were found to
be homogeneous a one-way ANOVA was applied followed by
the conservative Scheffe post hoc test to determine which fac-
tor level was responsible for the specific treatment differ-
ences. All tests were run with a significance level of 0.05%.
Data of the reproductive success of the gametophytes
(n = 102) and their vegetative growth (n = 144) are pre-
sented as mean � SD. A Contour plot is also added on the
bottom of the 3d scatterplot in order to increase the clarity
of the data. These contour plots consist out of smoothed
averages of the displayed z-axis of the scatterplots (Loess
smoother, sampling portion = 0.8, interval = 6).

RESULTS

Saccharina latissima reproductive success. Repro-
duction was induced under different Initial Gameto-
phyte Densities (IGD), light intensities, and light
qualities (Figs. 2 and 3) and quantified as the num-
ber of sporophytes formed. Reproductive success
(sporophytes � mL�1) became visible after 14 d, and
was significantly influenced by all three environmen-
tal factors (Tables S1, S2, S3 in the Supporting
Information), ranging from 336 sporophytes (white
light; 5 lmol photons � m�2 � s�1; 0.02 mg DW �
mL�1) to 1 sporophyte (red light; 5 lmol photons �
m�2 � s�1; 0.093 mg DW � mL�1; Fig. 3). White light
led to the highest reproductive success of all light
qualities tested under optimal IGD conditions
(0.01 mg � mL�1), whereas cultures in blue light
had the lowest reproductive success, especially at
higher light intensities (Fig. 2a). Cultures placed
under yellow and red light gave, apart from the
clear absence of reproduction under low red light
conditions (5 lmol photons � m�2 � s�1), average
results in terms of reproduction (Fig. 2a). High
light intensities (≥80 lmol photons � m�2 � s�1)
resulted in significantly lower reproduction under
all light qualities (Table S3). The inhibitory effect
of high light intensities on reproduction became
more pronounced when plotting reproductive suc-
cess against PUR. This analysis reveals systematically
lower reproduction at a calculated PUR exceeding
26.8 lmol photons � m�2 � s�1, independent of light
quality (Fig. 2B). Importantly, the PUR range is
built up from a variety of light intensities and light
qualities, accurately predicting reproduction irre-
spective of how specific PUR values were composed

(regression in Fig. 2b; Table S4 in the Supporting
Information).
Reproduction is influenced positively as well as

negatively by the combination of IGD and PUR,
resulting in an interaction of these two factors
determining an IGD optimum between 0.02 and
0.01 mg DW � mL�1 and a PUR optimum between
14.2 lmol and 25.7 lmol photons � m�2 � s�1 (i.e.,
see 2d scatterplots A & B of Fig. 3). There was fur-
thermore a pronounced decrease in reproductive
success when PUR went above 26.8 lmol photons �
m�2 � s�1, regardless of IGD. The regression describ-
ing the influence of IGD and PUR on the reproduc-
tive success was fitted (Table S5 in the Supporting
Information; Linear regression: F4,97 = 40.88,
R2 = 0.628, P < 0.001). The representation of the
interaction between IGD and PUR on the reproduc-
tion of Saccharina latissima is shown as a contour
plot on the bottom of Figure 3. Note that the inter-
active effects of both the IGD and PUR (contour
plot) resulted in higher average reproductive opti-
mums than represented by the regressions on the
sides. At (*) for example, at an IGD of 0.01 mg DW
� mL�1 interacting with a PUR of 26 lmol photons �
m�2 � s�1 red light a reproductive success of 190
sporophytes � mL�1 was observed, which is higher
than what is calculated in both regressions.
Reproduction was also followed to investigate the

role of nutrients in interaction with the IGD as a
direct influence on reproduction. Both pasteurized
seawater (no added nutrients) as well as the f/2
medium (added nutrients) showed similar rates of
reproduction (Fig. 4; Table S6 in the Supporting
Information; ANOVA: F1,35 = 0.047, P ≥ 0.05), with
decreasing IGDs resulting in increased levels of
reproduction, independent of nutrient availability.
Only at the lowest IGD (0.007 mg � mL�1) did the
cultures without added nutrients show a decrease in
relative sporophyte density. Although the observed
reproduction was very similar between the treat-
ments, the sizes of the individual sporophytes dif-
fered visually, with the treatments with added
nutrients containing larger sporophytes. This last
observation is purely anecdotal, since we did not
quantitatively measure sporophyte size during this
experiment.
Vegetative growth. Gametophytes grew vegetatively

in all cultures under all experimental conditions
(Fig. 5). Primary predictor for the vegetative bio-
mass accumulation in Figure 5a was light intensity
(R2 = 0.477), followed by IGD (R2 = 0.235) and sub-
sequently light quality (R2 = 0.054; Tables S7 and S8
in the Supporting Information). Low light intensi-
ties (<30 lmol photons � m�2 � s�1) reduced the
vegetative growth the most (Table S9 in the Sup-
porting Information; Welch ANOVA: F4,41 = 50.37,
P < 0.05), with significantly lower biomass found
when grown at 10 and 5 lmol photons � m�2 � s�1

(Games–Howell, P < 0.05). Gametophytes grew sig-
nificantly more at 30 lmol photons � m�2 � s�1, after
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which biomass accumulation of the gametophytes
leveled off with only slight further increases in bio-
mass at 80 lmol photons � m�2 � s�1. While light
quality under comparable light intensities had lim-
ited influence on the vegetative growth of Saccharina
latissima gametophytes (Fig. 5; Table S10 in the

Supporting Information; ANOVA: F2,105 = 2.970,
P ≥ 0.05) some distinctions can be made. The high-
est growth was achieved under white light 80 lmol
photons � m�2 � s�1, whereas growth under blue
light already started to plateau at 30 lmol photons �
m�2 � s�1, independent of IGD (Fig. S5 in the Sup-
porting Information). PUR as abiotic factor
(Fig. 5B) was also plotted against the observed

FIG. 2. The influence of light intensity (lmol photons � m�2 � s�1) and PUR (lmol photons � m�2 � s�1) on the reproductive success of
Saccharina latissima gametophytes using an IGD of 0.01 mg � mL�1. The influence of light intensity (x-axis, lmol photons � m�2 � s�1) and
light quality (legend) on reproductive success (sporophytes � mL�1) is depicted on side A, with the dotted lines representing the linear
interpolation between the different data points. A gray bar is depicted on the left side in order to highlight the low light intensity environ-
ments described in the discussion. The influence of PUR (x-axis, lmol photons � m�2 � s�1) on reproduction (sporophytes � mL�1) is
depicted on side B, with the color of the data points corresponding to the light qualities (legend). A regression (gray line) is fitted
through these data points and the equation describing the regression is written in the upper right corner. Values are expressed as mean
� SD, n = 3. [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 3. The interaction between IGD (x-axis; mg DW � mL�1)
and PUR (y-axis; lmol photons � m�2 � s�1) on the reproductive
success of Saccharina latissima (z-axis; sporophytes � mL�1), with
the colors of the dots representing the used light qualities. A
regression is fitted over the 3d scatterplot and the corresponding
equation can be found under the legend. The effects of the two
separate lifecycle controls are depicted on the sides in the form
of regressions, with PUR (gray surface, side A) or the IGD (gray
surface, side B) as single variables. The interaction between PUR
and the IGD as lifecycle controls is further clarified in the form
of a smoothed contour plot. Colors match the colors in the
legend. Error bars on the sides = � SE, n = 102.

FIG. 4. The influence of IGD (mg DW � mL�1) on the relative
reproductive success (sporophytes � mg�1) of Saccharina latissima
gametophytes. The relative reproductive success of cultures with
f/2 medium (added nutrients) and cultures in regular seawater
(no added nutrients) are depicted as mean � SD; n = 3. [Color
figure can be viewed at wileyonlinelibrary.com]
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vegetative growth, with a resulting correlation of
R2 = 0.53, irrespective of the light quality used. The
large spread of the data points in the scatterplot is,
among other things, a result of grouping the differ-
ent IGDs. Plotting the IGDs separately resulted in
higher correlations between PUR and vegetative
growth for all light qualities, apart from cultures
places under blue light (Fig. S6 in the Supporting
Information).

DISCUSSION

Initial Gametophyte Density (IGD) as a direct biotic life-
cycle control. This study presents the results for the
effects of the (a)biotic factors (i) IGD, (ii) light
intensity, (iii) light quality, and the overarching iv)
PUR on reproduction and the vegetative growth of
delayed Saccharina latissima gametophytes during a
21 d experimental period. Reproduction became
visible after 14 d in treatment, coinciding with peri-
ods found in other studies with Laminariaceae
(Morelissen et al. 2013, Ratcliff et al. 2017). Repro-
duction decreased with increasing IGDs, under all
light intensities and light qualities. These results are
in agreement with data obtained by Choi et al.
(2005) and Reed (1990), Reed et al. (1991), where
increasing spore densities of Undaria pinnatifida and
Macrocystis pyrifera resulted in lower sporophyte
counts. Carney and Edwards (2010) found similar
negative correlations between reproduction and cul-
ture density of non-delayed Macrocystis pyrifera game-
tophytes. Interestingly, these authors also studied
delayed gametophytes (88 d), and found no signifi-
cant difference in reproduction in three of their
four starting zoospore densities. Although their
study reported gametophyte density as the number

of gametophytes per area, rather than gametophyte
biomass per volume as used here, similar trends
could be observed between our highest starting den-
sities. Indeed, their highest density treatment of 212
gametophytes � mm�2 (�15.3) showed a significant
decrease in reproduction, comparable to what we
observed in our higher IGD samples (≥0.04 mg �
mL�1) of S. latissima gametophytes.
The experimental data support our hypothesis

that density has a direct influence on Saccharina
latissima reproduction, with high IGDs (>0.04 mg �
mL�1) practically halting reproduction. Nutrient
addition had no significant influence on reproduc-
tion and the reproductive success did not follow the
observed differences in Fv/Fm ratio, a proxy for cell
viability (Suggett et al. 2009; Fig. S3). These data
demonstrate that the negative effects of gameto-
phyte density on reproduction are not likely occur-
ring via putative density-associated nutrient
deficiency. Self-shading (i.e., light-dependent
effects) can also be ruled out because of the low
culture densities, top-down light placement of the
light source and homogeneity of the cultures. Our
results showed furthermore that light limitation did
not negatively influence reproduction, apart from
cultures placed under 5 lmol photons � m�2 � s�1

red light. This is in agreement with results by Lee
and Brinkhuis (1988), who found no decrease in
the reproductive success of female gametophytes
under low light conditions (6 lmol photons � m�2 �
s�1 white light). The exact mode of action of IGD
as a direct biotic factor remains to be investigated.
Whether the observed density-dependent behavior is
controlled pheromonally or is more similar to the
autoinducers found in quorum sensing bacterial
communities, is not yet known. It might even be

FIG. 5. The influence of light intensity and the PUR on the vegetative growth of Saccharina latissima gametophytes. Gametophyte bio-
mass (mg DW � mL�1) on day 21 under different light intensities (lmol photons � m�2 � s�1) following different light qualities (legend) is
depicted in A, with the dotted line representing the linear interpolation between the different data points. Side B depicts the gametophyte
biomass (mg DW � mL�1) on day 21 under different PURs (lmol photons � m�2 � s�1) following different light qualities (legend), with
the line representing the correlation between the different data points (R2 is depicted in the lower right side). Note that both axes of B.
are on a log scale. Values in A. are expressed as mean � SD, while values in B. are expressed as a scatterplot with the mean (symbols),
n = 12. [Color figure can be viewed at wileyonlinelibrary.com]
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possible that density-dependent reproduction is the
result of interkingdom signaling between gameto-
phytes and bacteria, a phenomenon already studied
within diatom communities (Amin et al. 2012).

Multiple hormones related to reproduction (i.e.,
ectocarpene, lamoxirene, and fucoserratene) have
already been described for kelp gametophytes
(M€uller et al. 1971, M€uller and Jaenicke 1973, Mar-
ner et al. 1984), making it feasible that one of these
previously mentioned or novel compounds secreted
by the gametophytes can accumulate in high-density
cultures, thereby suppressing reproduction. Sup-
pressing reproduction under higher gametophyte
densities could have benefits for their offspring, as
the inverse correlation between IGD and reproduc-
tive success would prevent any future competition
between sporophytes living in high-density popula-
tions due to their competition for space (Dayton
et al. 1984). The vegetative growth and the subse-
quent fragmentation of gametophyte branches
therefore becomes the alternative option for disper-
sal (Destombe and Oppliger 2011). Moreover,
in vitro work looking into reproduction, or gameto-
genesis in general, should take into account the
IGD as a relevant biotic lifecycle control, especially
regarding delayed gametophytes. The older a
delayed gametophyte is, the more time it had to
grow vegetatively, and the longer their vegetative
growth period was, the higher the IGD automati-
cally becomes, suppressing reproduction.
Photosynthetically usable radiation as abiotic lifecycle

control. There were interactions between light inten-
sity and quality in determining reproduction, calling
for a proxy that integrates both: PUR. Indeed, PUR
seems to regulate reproduction in our delayed game-
tophyte cultures very tightly. Previous studies on
light quality as a lifecycle control did not incorporate
PUR (L€uning and Dring 1972, 1975, Ratcliff et al.
2017), so a comparison is complicated, especially
because gametophyte densities were not quantified
in the same way as done here. It is likely that gameto-
phyte densities in the previously mentioned studies
were in the lower range of the ones used here, as
either the gametophytes were countable (L€uning
and Dring 1972, 1975), or the cultures were diluted
substantially into larger volumes of seawater (Ratcliff
et al. 2017). Moreover, the light intensities reported
were in the lower range of what we used here (6–
15 µmol photons � m�2 � s�1). Interestingly, zooming
into the low light intensities, low IGD region in Fig-
ure 2a (gray bar) reveals that a low intensity of red
light resulted in very poor reproduction, whereas a
similarly low intensity of blue light gave clear repro-
duction. This is entirely consistent with literature
findings, such as by L€uning and Dring (1972). How-
ever, these conclusions shift when higher light inten-
sities were used. Using higher light intensities of red
light resulted in higher reproductive success and sug-
gests that not so much light quality but the absorbed
photon flux (PUR), irrespective of their wavelength,

appears to be the important determinant regulator
of reproduction. Importantly, when gametophyte
densities become very high, the density effects over-
rule the effects of PUR and suppresses reproduction
altogether.
Light intensity by itself was a strong predictor for

the vegetative growth of gametophytes, with optima
at 80 lmol photons � m�2 � s�1, under all light qual-
ities and IGDs. Interestingly, biomass growth started
to level off between 30 lmol photons m�2 s�1 and
80 lmol photons � m�2 � s�1. This corroborates with
results of other studies, finding no effects on growth
in gametophytes at irradiances of 30 lmol photons �
m�2 � s�1 or higher (L€uning and Neushul 1978,
Izquierdo et al. 2002, Choi et al. 2005). The influ-
ence of light quality was more limited, where its role
on the vegetative growth is better explained through
the usage of PUR as a parameter. Average gameto-
phyte density (mg DW � mL�1) on day 21 correlated
well with PUR (R2 = 0.53), especially considering
the interactive effects that were still present due to
the different IGDs used. The correlation between
vegetative growth and PUR, independent of light
quality, becomes especially apparent when the inter-
active effects of IGD are taken out of the equa-
tion (Fig. S4). In this case, overall higher
correlations were found under all light qualities
except for cultures incubated under blue light,
showing consistently lower correlations. The lower
correlation under blue light is likely due to the
plateauing biomass growth of cultures grown at a
PUR of 71.4 lmol photons � m�2 s�1, irrespective of
IGD. These high light intensities of blue light subse-
quently lowered the maximum quantum yield of the
PSII substantially (Fig. S3), suggesting that photo
inhibition was taking place (Gevaert et al. 2002).
To our knowledge, the gametophyte dry weight

(mg � mL�1) of these small cultures (3 mL), has
never been followed through time before. Using
these small cultures was necessary for the feasibility
of this full factorial experiment of such a large sam-
ple size. This makes it difficult, if not impossible, to
compare our vegetative growth rates with cultures
grown in similar condition. Furthermore, most
research into the vegetative growth of gametophytes
followed the surface area, the number of cells, or
the length of gametophytes (Bolton and Levitt
1985, Carney and Edwards 2010, Morelissen et al.
2013, Martins et al. 2017). Ratcliff et al. (2017) used
similar parameters to ours, looking at much larger
volumes of gametophyte biomass dry weight (g �
L�1), and found similar growth rates under compa-
rable light conditions, also using f/2 medium. The
difficulty of quantitatively comparing our results to
other data is showing the need for concise and com-
parable methods of following gametophyte biomass
in future studies.
Future work on the lifecycle controls in kelp will

benefit from the inclusion of IGD and PUR in inter-
action with other lifecycle controls (e.g.,
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temperature, day length, or other (a)biotic factors).
The interaction between these lifecycle controls are
also interesting from a more applied perspective,
where finding the reproductive optimum can result
in better production cost estimates and lower pro-
duction costs. Advancements that are crucial in
order to make large-scale seaweed aquaculture eco-
nomically feasible (van den Burg et al. 2016)

CONCLUSIONS

Although there are clear interactive effects, two
individual factors were identified as the most impor-
tant determinants of reproduction and vegetative
growth. The Initial Gametophyte Density was shown
to be a dominant biotic factor influencing repro-
duction, outweighing light intensity or light quality.
The Photosynthetically Usable Radiation, indicating
the absorbed photon flux through the integration
of both light intensity and light quality, is a second
dominant (abiotic) determinant explaining the
results on reproduction and the vegetative growth
of kelp gametophytes. Light quality appears to act
primarily through the efficiency in photon absor-
bance, as calculated through PUR. Light quality has
hereby shown to be an abiotic factor that should be
interpreted quantitatively instead of qualitatively as
a color signal.
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Figure S1. Calibration curve between the
chlorophyll a concentration (mg Chl � m�3), and
Saccharina latissima gametophyte dry weight per

mL (mg DW � mL�1). Gametophyte dry weights
are extrapolations from 60 mL cultures, whose
[Chl] concentration were measured using a FRRF
fluorometer. The linear regression and correla-
tion coefficient were y = 7E-05x � 9E-05 and
0.975 respectively.

Figure S2. The interaction between light inten-
sity (lmol photons � m�2 � s�1

) and the light qual-
ity (white, blue, red, and yellow) on Saccharina
latissima gametophyte biomass (mg DW � mL�1)
of cultures starting with the Initial Gametophyte
Density of 0.01 mg DW � mL�1. Biomass was mea-
sured on day 21 and the error bars are � SE,
n = 36.

Figure S3. The 3D scatterplot showing the
interaction between the Fv/Fm, the IGD (mg �
mL�1), and light intensity (lmol photons � m�2 �
s�1) of Saccharina latissima gametophyte cultures
grown under four different light qualities. The
color of the dots correspond with the legend
(white, blue, red, and yellow), thus corresponding
with the Fv/Fm value of the sample n = 144.

Figure S4. Scatterplots depicting the Saccharina
latissima gametophyte biomass measured on day
21 (y-axis) under different levels of Photosyntheti-
cally Usable Radiation (lmol photons � m�2 s�1).
Four different light qualities (white, blue, red,
and yellow) were used to grow out gametophyte
cultures starting with four different Initial Game-
tophyte Densities (0.01, 0.02, 0.04, and 0.08 mg
DW � mL�1). Values are “as is,” n = 36.

Figure S5. A photo of the starting culture in a
well plate (IGD = 0.01 mg DW � mL�1).

Figure S6. A photo of a culture on day 21
(IGD = 0.01 mg DW � mL�1, 30 lmol � m�2 � s�1,
white light). Sporophytes only formed on the bot-
tom with gametophyte biomass being a bit blurry
since it grew upward toward the light, out of
focus.

Table S1. Predictors for the regression describ-
ing the correlation of the IGD and PUR on the
reproduction of Saccharina latissma gametophytes
in Figure 3 (n = 102). Included is the R2 of the
primary (PUR) and secondary (IGD) predictor
combined.

Table S2. Predictors for the regression describ-
ing the correlation of PUR and the reproduction
of Saccharina latissima gametophytes in Figure 2,
using an IGD of 0.01 mg � mL�1.

Table S3. Games–Howell post hoc analysis for
the influence of light quality on gametogenesis
after we found significant differences using the
robust test of variance. The mean difference is
significant at P < 0.05.
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Table S4. Games–Howell post hoc analysis for
the influence of the IGD on gametogenesis after
we found significant differences using the robust
test of variance. The mean difference is signifi-
cant at P < 0.05.

Table S5. Games–Howell post hoc analysis for
the influence of light intensity on gametogenesis
after we found significant differences using the
robust test of variance. The mean difference is
significant at P < 0.05.

Table S6. Robust test of variance for the effects
of nutrients on the gametogenesis of Saccharina
latissima gametophytes (Fig. 4; Welch and Brown-
Forsythe), after not passing the test of homogene-
ity of variances.

Table S7. Stepwise linear regression for the cor-
relation between the gametophyte biomass on day
21 (mg DW � mL�1), the IGD, light intensity, and
light quality (n = 144).

Table S8. Predictors that significantly influence
gametophyte growth. Included is the R2 of the
primary (IGD) and secondary predictor (light
intensity) combined.

Table S9. Games–Howell post hoc analysis for
the influence of light intensity on the growth of
gametophyte biomass (chlorophyll-a concentra-
tion) on day 21 after we found significant differ-
ences using the robust test of variance. The mean
difference is significant at P < 0.05.

Table S10. Scheffe post hoc analysis for the
influence of the different IGDs on the growth of
gametophyte biomass (chlorophyll-a concentra-
tion) on day 21 after we found significant differ-
ences using a one-way ANOVA. The mean
difference is significant at P < 0.05.
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