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Figure 3.14. The internal NO5-N concentration per g dry matter (mg NO5-N g DM) in S. latissima at
all locations at a) 1-2 m depth and b) 8-9 m depth during week 16 (mid-April) to 32 (early August).
Each symbol represents the mean of 3 parallels (n = 3). Error bars indicate £ 1 SE. The grey box in a)

indicate the internal NO;-N concentration in the seedlings in the hatchery.

3.5 Relative growth rate as a function of internal NO;-N

Figure 3.15 compares relative growth rate (RGR day™) to internal NO3™-N concentration (mg
g DM) in S. latissima at all five locations. There was an apparent positive relationship between
RGR and internal NO3-N concentration, but no significant correlation was found (p = 0.064 -
0.493, Appendix IV). However, a seasonal pattern of variation was found, with a clear shift
from the north to the south. At the two southern locations (ASF and NSS), the RGR was at its
highest at the lowest registered NO3™-N concentrations (0.00-0.01 mg NO;-N g”' DM). At SES,
the values were more spread, but most measurements showed low internal NOs3-N
concentration, and the highest growth rate in S. /atissima was measured at around 0.05 mg NO;3
-N g DM. The RGR did not increase with increasing NO3™-N concentration at the second
northernmost location (SAL), and the same pattern was found at APN, except for a high RGR
value at approximately 0.10 mg NO3-N g”' DM.
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Figure 3.15. The relative growth rate (RGR day'l) plotted as a function of the internal NO3;-N (mg NO;3
-N g'1 DM)in S. latissima at a) APN, b) SAL, c¢) SES, d) ASF and e) NSS. Each point indicates the mean

of the two depths.
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3.6 N:C ratio as a function of internal NO;-N

The internal NO;™-N concentration (mg g”' DM) as a function of N:C ratio in S. latissima at all
locations is illustrated in Figure 3.16. A seasonal pattern of variation was found, with a clear
shift from north to south. A clear pattern was found at the two northern locations, APN and
SAL, with a significant increase in internal NOs'-N concentration with increasing N:C ratio in
S. latissima (p < 0.05, Appendix IV). A similar pattern was found at the SES location, although
weaker and with decreasing internal NOs™-N concentration with a N:C ratio > 0.1 (p = 0.032,
Appendix IV). The two southern locations showed no significant correlation between internal
NO5-N and N:C ratio in S. latissima, and the internal NOs-N concentration at both locations

was low regardless of N:C ratio (p > 0.05, Appendix 1V).
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Figure 3.16. The internal NO;-N (mg NO5-N g’ DM) plotted as a function of the N:C ratio in S.
latissima at a) APN, b) SAL, c¢) SES, d) ASF and e) NSS. Each point indicates the mean of the two
depths.
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3.7 Total amino acid residues

Figure 3.17 illustrates the mean amino acid residues expressed in terms of % of DM in S.
latissima at the two depths at all locations. Amino acid residues are amino acids minus a water
molecule. The general pattern was a decrease in the sum of amino acid residues followed by an
increase at ASF and NSS. The content of amino acid residues at APN continued to decrease
during the period. The amount of amino acid residues increased earlier at ASF than at SES, and
a more rapid increase in amino acid residues was found at 1-2 m depth compared to 8-9 m
depth. Higher total content of amino acid residues in S. latissima was registered at 8-9 m depth
compared to 1-2 m depth at all locations except ASF. The values for the amino acid residues at

all locations are listed in Appendix III.
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Figure 3.17. Total amino acid residues (% of DM) in S. latissima at all locations during week 16-32
(mid-April to early August) at a) 1-2 m depth and b) 8-9 m depth. Each symbol represents the mean of
3 parallels (n = 3) except in a) where n = 2 at SES in week 27 and ASF in week 16 and n =1 at SES in
week 32. In b) n =2 at APN in week 24, SES in week 16 and 27, ASF in week 18 and NSS in week 20.

Error bars indicate + 1 SE.
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3.8 Nitrogen-to-protein conversion factor (K,)

Specific nitrogen-to-protein conversion factors (K,) for S. latissima were calculated from
Equation 7. Table 3.1 shows the seasonal pattern of variation in K,,, with an increasing K, from
mid-April (week 16) to May/June (week 22) followed by a decrease in K, from May/June to
early July (week 27) and an increase from early July to early August (week 32). K, in S.
latissima from all locations combined varied from 3.6 + 0.3 to 4.3 0.2 at 1-2 m and from 3.3
+ 0.2 to 4.3 £ 0.8 at 8-9 m depth, with average values of 3.9 £ 0.1 and 3.8 + 0.1, respectively.
The overall average was 3.9 = 0.1. The K,, values for all locations are listed in Appendix III. A
regression analysis of K, as a function of time in S. /atissima showed weak or no significant

relationship between the two variables (p = 0.036 - 0.749, Appendix IV).

Table 3.1. Nitrogen-to-protein conversion factors (K,) at 1-2 m depth, 8-9 m depth, and both depths
combined for each week from mid-April (week 16) to early August (week 32).

Depth Week16 Week 18 Week20 Week22 Week24 Week27 Week32 All weeks
I-2m 3.6+02 39+02 40+01 43+02 41+02 36+03 40+02 39+0.1
89m 33+02 33+0.1 40£01 42+03 37+05 38+02 43+08 3.8+0.1
Both 34+01 36+01 40+01 43+02 39+03 37+02 42+04 39+0.1

Values are given in mean + 1 SE.

3.9 Protein content

Figure 3.18 shows the estimated protein contents of S. latissima at the two depths at each
location. The estimated protein content was calculated by multiplying the % total N contents of
DM with the K, calculated from Equation 7. The overall patterns were similar at the two depths,
but more variation between locations and weeks was found at 1-2 m depth compared to 8-9 m
depth. APN showed a decrease in protein content in S. latissima from the first to the last
sampling at the two depths. SES showed a somewhat similar pattern of variation at the two
depths, but with more variations at 1-2 m depth than at 8-9 m depths. The protein content at the
last sampling at SES was higher than at the first sampling. ASF showed the same pattern of
variation at the two depths even though the data from the last sampling at 1-2 m depth was
missing. The protein data at SAL and NSS was obtained from one sampling prior to the
occurrence of biofouling, in week 22 and 20, respectively. SAL showed differences in protein

content between the two depths, with higher protein contents at 8-9 m depth than at 1-2 m depth.
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NSS did not show any notable differences between the depths. The values used for calculation
of protein content can be found in Appendix III. A regression analysis of RGR as a function of
protein content in S. /atissima showed no significant relationship at any of the locations (p =

0.115 - 0.224) (Appendix IV).
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Figure 3.18. The protein content (% of DM) in S. latissima at all locations during week 16-32 (mid-
April to early August) at a) 1-2 m depth and b) 8-9 m depth. Each symbol represents the mean of 3
parallels (n = 3) except in a) where n = 2 at SES week 27 and ASF week 16, and n = 1 at SES week 32.
In b) n =2 at APN week 24, SES week 16 and 27, ASF week 18 and NSS week 20. Error bars indicate
+ 1 SE.

3.10 Protein content as a function of internal NO;-N

Figure 3.19 illustrates the estimated protein content (% of DM) as a function of internal NO; -
N (mg g"' DM) in S. latissima. A significant correlation between these two variables was found
at APN and SES, with higher protein content at higher internal NO3;-N concentrations (p <
0.05, Appendix IV). The four points showing the highest protein content values in Figure 3.19b
were removed prior to regression analysis due to heavy biofouling (Figure 3.8). At ASF, no
significant correlation between protein content and internal NOs-N was found (p = 0.818,
Appendix IV). Here, protein content ranged from around 0 to 25 % of DM while internal NO3
-N concentrations were constantly low, and biofouling was observed at this location late in the

season (Figure 3.9).
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4 Discussion

The temperature increased during the season at all the experimental locations (Figure 3.1), and
there was found higher photosynthetic active radiation (PAR) at 1-2 m depth than at 8-9 m
depth (Figure 3.2). Higher dry matter (DM) was found at 1-2 m depth (Figure 3.3), while the
ash content was highest at 8-9 m depth (Figure 3.4), irrespective of time. The production period
was longer in the north than in the south, and losses of biomass was found in the end of the
experimental period in the south. A positive relationship, but no significant correlation between
internal NO3™-N and relative growth rate (RGR) was found at the locations (Figure 3.15;
Appendix IV). The total nitrogen (N) and N:C ratio showed similar seasonal patterns for all
locations with decreasing values early in the experimental period and increasing values in the
end of the period, suggesting that these variables interact (Figure 3.12; Figure 3.13). A similar
pattern of variation as for total N and N:C ratio was found for the amino acid residues and
protein content for all locations except for APN (Figure 3.17; Figure 3.18). Variations through
the season, yet no significant relationship with time was found for the nitrogen-to-protein
conversion factor (K,). A stronger seasonal pattern of variation in internal NO3-N
concentrations was found at the three northern locations (APN, SAL and SES) than at the
southern locations (ASF and NSS), and higher concentrations were found at 8-9 m depth
(Figure 3.14). The concentrations of internal NOs™-N correlated significantly with N:C ratio at
the three northern locations (APN, SAL and SES) (Figure 3.16; Appendix IV, p < 0.05), and
with the protein content at the two northern locations (APN and SAL) (Figure 3.19; Appendix
IV, p <0.05).

4.1 The effects of latitude and season on growth and chemical content

The temperature and light results were as expected at the given latitudes, with lower
temperatures in the beginning of the sampling season, and increasing during the period of the
study. The PAR was lower at 8-9 m depth compared to that at 1-2 m, as expected. The
sporophytes at 8-9 m depth may also have been affected by shading by individuals at 1-2 m
depth if there were weak currents in the area. The PAR loggers were located on a separate rope

and did only measure the light where no shading took place.
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There were clear differences in mean lamina length between the locations, but no latitudinal
pattern was present, which may imply that the growth most likely was more affected by local
variations rather than by latitude. RGR did not indicate any clear pattern between locations, but
it decreased during the season, as expected. Biofouling occurred earlier in the south than in the
north, and at the end of the sampling period, the heavy biofouling had caused great loss of
biomasses at ASF and SES (Figure 3.8; Figure 3.9). The loss of biomass and the rapid decrease

in RGR occurred at the same time.

Differences in internal NO;-N in S. latissima and temperature was found between the locations,
with the highest concentrations of internal NO;-N and lowest temperature at the northern
locations (APN and SAL) and the lowest internal NO3;-N concentrations and highest
temperatures at the southern locations (ASF and NSS), suggesting a pattern of variation related
to latitude. The results were in accordance with the study conducted by Nielsen et al. (2014),
who found that internal nutrients (including NH,", NO;™ and NO,") showed a variation pattern
inverse of temperature. The low concentrations of internal NOs™-N at the two southern locations
(ASF and NSS) during the whole period was presumably a result of the spring bloom occurring

prior to the start of the sampling period.

The patterns in N content, amino acid residues, N:C ratio and protein content that were found
in S. latissima at each of the locations may be better explained by the seasonal variations rather
than the geographical positions of the seaweed farms. However, the differences between the
locations may be best explained by a latitudinal gradient. There was a decrease in these
variables in the spring, which was, disregarding the rapid increase in these variables at SES,
ASF and NSS in the end of the season, in accordance with previous studies (Fleurence, 1999;
Nielsen et al., 2014; Marinho et al., 2015a; Marinho et al., 2015b; Schiener et al., 2015; Mols-
Mortensen et al., 2017). The biofouling appearing earlier in the season further south may also
have altered the results late in the season (Figure 3.6; Figure 3.7; Figure 3.8; Figure 3.9; Figure
3.10). Higher amount of proteins, N, N:C ratio and amino acids were found at 8-9 m depth
compared to 1-2 m depth at all locations, which may be in relation to lower photosynthetic
active radiation and temperature, as well as higher NOs™ availability at greater depths (Figure
3.14). These results cohere with the findings from Handa et al. (2013), who suggested that S.
latissima should be cultivated deeper than 5 meters and that the harvest time should be in early

summer due to loss of biomass caused by biofouling organisms during summer.
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At each of the separate locations, there were seasonal patterns in all variables measured except
for the dry matter and ash. The lack of patterns in dry matter and ash could be due to losses of
water during defrosting of samples or variations in carbohydrates and proteins. The strongest
seasonal variation in all variables was found at the northernmost location (APN). The variations
during the season may have been due to random fluctuations because the local environmental
conditions varied. Weekly, or even daily samplings could have resulted in a clearer pattern of
variations, with reduced high and low peaks that may have been caused by random reasons.
Few seasonal variations were found at the southern locations, presuming that the spring bloom
already had passed at the respective locations when the sampling period started (Braarud et al.,

1958).

4.2  Factors describing the growth patterns at the cultivation locations

A positive relationship, although not significant, between RGR and internal NOs™-N in S.
latissima at the experimental locations was found (p = 0.064 - 0.493, Appendix IV). Previous
studies have found a clear relationship between NOj;™ concentration in the seaweed tissue and
growth rate (Black and Dewar, 1949; Chapman et al., 1978; Jevne, 2015). A possible
explanation could be light limitation in the north, while in the south, there was sufficient light,
but the waters were presumably more oligotrophic as a result of the spring bloom (Braarud et
al., 1958). At SAL, the RGR remained the same regardless of internal NO3'-N concentrations
(Figure 3.15b), suggesting that another factor than N availability limited the growth at this
location. SAL was located in a fjord with a narrow opening, where lower salinity in the upper
water layers compared to further down in the water column may be assumed (Fagerli et al.,
2015). Nielsen et al. (2016) found that N content of S. latissima increased with increasing
salinity, which, in addition to the reduced PAR at 8-9 m depth, may be an explanation for the
big difference in RGR between depths at SAL.

Figure 3.2 and 3.14 illustrate the low PAR and high concentrations of internal NO3™-N in the
beginning of the experimental period at APN, indicating light limitation early in the season. At
all locations, the growth at 1-2 m depth was faster than at 8-9 m depth in the beginning of the
period, while at the end of the season there were minor differences in growth between the depths
(Figure 3.6; Figure 3.7; Figure 3.8, Figure 3.9; Figure 3.10). A likely explanation suggests that
light limited the growth prior to the spring bloom at all locations, while the reduced NO;3™ limited
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the growth subsequent to the spring bloom. It is plausible that the nutrient limitation appeared
later the further north the seaweed farm was located. This is in accordance with the later
increase in light and temperature at APN compared to the other locations and also in accordance
with the previous studies by Chapman and Craigie (1977), Young et al. (2007) and Mols-
Mortensen et al. (2017).

At APN and SES, the total N, N:C ratio, internal NO;-N and protein was high at the first
sampling where RGR also was high, but all decreased with time during the experimental period.
Both locations showed high protein content with high RGR and low protein content with low
RGR, but neither APN, SES nor ASF showed significant correlation between RGR and protein
content of S. latissima (p = 0.115 - 0.224, Appendix IV).

Using the experimental design of the present study, it was not possible to identify the
environmental factor that exhibited the strongest influence on RGR of S. latissima. However,
it seemed that the registration period started subsequent to the spring bloom at the southern
locations, while the locations further north experienced limitation in growth by light early in
the season. Ambient NOs availability, reflected in the internal NO;-N concentration,

presumably limited the growth in S. latissima earlier in the south than in the north.

4.3 Nitrogen-to-protein conversion factor (K,) and estimated protein

content

The nitrogen-to-protein conversion factor (K,) in S. latissima varied with season, though a weak
or no significant positive relationship with time was found (Table 3.1; p = 0.036 - 0.749,
Appendix 1V), indicating that using one constant factor may overestimate the protein content
at one point in time and underestimate it at another. K, was found to range from 3.6 = 0.3 to 4.3
+ (.2 at 1-2 m depth and between 3.3 £ 0.2 and 4.3 £ 0.8 at 8-9 m depth, with an overall average
of 3.9 + 0.1 for both depths (Table 3.1). The K, found by Sharma et al. (2018) ranged from 4.3
to 4.6 at 3 m depth and from 4.4 to 4.7 at 8 m depth in Central-Norway, and factors of 5 and
5.3 were proposed by Angell et al. (2016) and Schiener et al. (2015), respectively, which were
higher than the K, found in the present study. Because the K, fluctuated and showed no clear
pattern with time, I suggest that protein content is determined by analysis of amino acid
residues, as recommended by FAO, if possible (FAO, 2003). However, the mean K, of 3.9 +

0.1 is the average of the fluctuations caused by both season and latitude, and may therefore be
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used if protein determination by amino acid analysis is not possible, taken into consideration
that the protein content may be both under- and overestimated at certain points in time. The K,
of 3.9 + 0.1 may result in less overestimation of proteins, but maybe also more underestimation,
than the higher K, suggested by previous studies (Schiener et al., 2015; Angell et al., 2016;
Sharma et al., 2018).

Sharma et al. (2018) found K, values that estimated protein contents ranging from 11.7 to 24.3
% in Central-Norway, and higher estimated protein content was found at 8 m depth compared
to 3 m depth. Consequently, Sharma et al. (2018) suggested that the higher protein contents
were a result of lower PAR. The quantities of estimated protein content in S. /atissima in the
present study ranged from 3.1 £ 1.6 % to 19.5 £ 1.7 % of DM (Figure 3.18; Appendix III).
Jevne (2015) found a positive correlation between the protein content in S. /atissima and the
extracellular NOs™ concentration. In the present study, the protein content was significantly
affected by internal NO;-N at APN and SES (p < 0.05, Appendix V), suggesting that the
results from the present study may have been due to higher internal NO3™-N early in the season
and due to the contribution of amino acids from heavy biofouling late in the experimental period
(Figure 3.8; Figure 3.9). Sharma et al. (2018) found higher N contents in August when also
epibionts were present. The results from SAL showed higher protein content at 8-9 m depth
compared to 1-2 m depth prior to week 22. After week 22, the protein content, N content and
amino acid content was higher at 1-2 m depth than 8-9 m depth. These results showed
similarities with the study by Nielsen et al. (2016), who found that protein content increased

with increasing salinity.

It might be wise to analyze the protein quality of heavy fouled seaweed in such way that
possible applications after late harvest are established. If used for human consumption it is
important to harvest before the biofouling because it is not desirable to eat after. If used in fish

feed, it may be harvested and used when biofouling has occurred.

4.4 Internal NO;-N as an indicator of the nutritional status in S. latissima

An argument for using the analysis of internal NO5™-N instead of N:C ratios is the availability
of the analysis. The analysis of NO3™-N is easier to perform compared to a CN analysis, because
it can be done manually with reduced need for analytical instruments, while the CN analysis

requires an elemental analyzer.
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The highest measured internal NO5™-N value in this experiment (0.28 mg NO3-N g DM) was
lower than the highest value found in a previous study by Jevne (2015), who measured the
highest value at 0,69 mg NO;-N g"' DM in seaweed that had been supplied with nutrient rich
water from 100 m depth and stored at low light intensities. All locations exhibited higher
concentrations of internal NOs™-N in the seedlings in the hatchery compared to the individuals
growing in the sea (Figure 3.14 and Appendix II), which was in accordance with the findings
by Chapman and Craigie (1977) and Chapman et al. (1978), who proposed that S. latissima
store NOs™ for later growth.

The access to NOj3™ could be assumed to be limited when N:C ratio was low because N:C
currently works as a proxy for the nutritional status of the seaweed. Jevne (2015) found that
internal NOj3™ in S. latissima was related to external nitrate, making it possible to suggest that
internal NOs'-N may be used as an indicator for the nutritional state of the algae. In the present
study, no water samples were taken, and as such, there was no way to relate the concentrations
of internal NO5s-N to the concentrations of NOs™ in the seawater. However, internal NOz-N
showed a significant relationship with N:C ratio at APN, SAL and SES (Figure 3.16 and
Appendix IV, p < 0.05). This correlation suggests that there is a possibility of using internal
NOs" as a proxy for the nutritional status in the seaweed. It is important to understand that
changes in N:C ratio may be due to shifts in C metabolism as well as N metabolism, and
therefore, it is of importance to take both C and N into consideration when assessing nutritional
state by N:C ratio. Internal NO3-N may represent a more robust and accurate proxy for the

nutritional status of the seaweed.

4.5 Practical challenges

The period of time lapsing between receiving the ropes at the respective locations and
deployment of the ropes in the water, varied from location to location. SES, ASF and NSS
deployed shortly after receiving the ropes, while APN stored them in a container in the sea until
they were deployed in late February (week 8), which was two weeks after the other locations.
According to Stévant et al. (2017a), the chemical content may be altered fast when S. latissima

1s stored in seawater tanks.

Rough weather conditions and other unforeseen circumstances prevented the industry partners

from doing samplings in some weeks. The time between the samplings was relatively long and
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small variations with time were not always detected. Although the same protocol was followed
at all samplings, there may still have been differences in how the samplings were carried out,
and high temperatures may have accelerated the breakdown of chemicals and caused some
random variations in the results. The low light intensity at NSS in the end of May and in the
beginning of June may be explained by biofouling, causing less light to be registered by the

SENSOrs.

Due to some analyses requiring very little biomass, more meristem or mature tissue may have
dominated the sample, causing the nitrogenous contents to possibly be lower, due to lower
uptake rates of N in in mature tissue than in younger tissue (Topinka, 1978; Wheeler and
Srivastava, 1984). The statistical tests for some of the chemical analyses were omitted, as results
can be misleading when 7 is small (Ghasemi and Zahediasl, 2012). However, the patterns in

both growth rate and chemical variables in S. /atissima were clear.

4.6 Future prospects and further studies

In the future, there will be a need for expansion of the areas where seaweed is cultivated.
According to Skjermo et al. (2014), Norway has a big potential as a seaweed producing country.
Whereas Norway is already known for its long coastal line, the low summer temperatures and
large economic zone makes the area suitable for seaweed cultivation. Stévant et al. (2017b)
stated that the most important factor, the commercial market, needs more development. There
is a need to understand how to make the seaweed accumulate the desired compounds or produce
more of them (Charrier et al., 2017) without being at the sacrifice of the buyers will. The harvest
time for S. latissima will depend on when the different desired chemical components are
present, and these may be shifted with the prospected rise in sea water temperatures (IPCC,
2014).

This study revealed clear seasonal patterns in the north of Norway, while the spring bloom had
presumably already passed in the south. Seasonal studies like this should be performed annually
and include one whole year and cover the entire coast, to see more clearly the changing
variables also in the south. The advantage of in situ studies, compared to more controlled
experiments, is that such studies reveal the actual production potential, with all environmental

variables interacting.
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5 Conclusion

There were differences in growth, internal NO3™-N and protein content in S. /atissima under the
variable cultivation conditions in this study. Differences in mean lamina length between the
locations indicated differences in local conditions rather than an effect of latitude, and major
losses of biomass was found earlier at the second southernmost location and the location in
Central Norway before any of the other locations. However, a later seasonal development in
the north compared to the south, indicated an overall latitudinal gradient in the chemical
variables. The relative growth rate (RGR) decreased during the season, as expected. Higher
quantities contents of N, protein, amino acid residues and N:C ratio were found at 8-9 m depth
compared to 1-2 m depth. A decrease in these chemical variables was found during the course
of the sampling period, with an increase at the end, suggesting that the results were affected by

the presence of biofouling epiphytes at the end of the season.

There was a positive, yet not significant relationship between internal NO;-N and RGR. High
concentrations of NOs™-N and low photosynthetic active radiation (PAR) in the beginning of
the season in the north, and low NOs3™-N and high PAR in the beginning of the sampling season
in the south, suggested that light limited the growth prior to the spring bloom, while the reduced
NO;™ limited the growth subsequent to the spring bloom. This cohered with the expectations
that ambient nutrients follow temperature patterns inversely in temperate North-East Atlantic

coastal waters.

The three northern locations showed significant correlations between internal NO3-N and N:C
ratio. Taking into consideration the results from this study, it may be possible to introduce
internal NOs'-N as a more accurate and robust proxy for the nutritional status of S. latissima in

Norwegian waters.
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Appendix I: Growth, dry matter and ash content

Table LI. Overview of mean lamina length, RGR (day™), dry matter and ash content of S. latissima at

the locations each week at each of the two depths.

Location Week Depth  Laminalength RGR* Dry matter  Ash content
APN 16 1-2m 144+£1.2 11.8+ 1.0 351+£3.5
8-9m 13.2+0.7 8804 43.4+3.6

18 1-2m 325+1.2  0.90 145+2.0 26.3+6.9
8-9m 28.7+1.0 0.84 8.1+1.6 473+2.0

20 1-2m 382+1.6 0.16 12.5+0.6 42.8+4.1
8-9m 329+1.8 0.10 10.0+0.7 47.4+£2.7

22 1-2m 529+2.0 0.26 124+ 2.6 42.0+5.9
8-9m 426+20 021 11.6+1.3 443+3.9

24 1-2m 642+25 0.15 226+23 22.8+0.1
8-9m 57.1+23 024 13.3+£0.7 39.8+1.3

27 1-2m 754+28  0.08 13.6+0.8 40.1 £1.8
8-9m 74.7+23 022 12.6 £ 0.9 474+ 0.7

32 1-2m 904+28 0.06 14.1+1.8 40.7+ 4.6
8-9m 799+24  0.05 15.5+3.7 37.6 £3.1

36 1-2m 849+2.7 -0.02 22.6+3.5 324142
8-9m 822+23 0.02 108+ 1.5 455+2.4

39 1-2m 653+1.7 -0.10 22.7+3.9 264+3.9
8-9m 72.8+19 -0.08 146+ 1.7 449 +33

SAL 16 1-2m 249+ 1.1 21.4+£4.8 35.6+2.1
8-9m 12.7+0.5 189+3.0 40.6 +4.3

18 1-2m 282+1.0 0.19 18.1+0.7 40.1+£1.9
8-9m 16.2+0.6 0.39 11.8+ 1.8 429+0.8

20 1-2m 388+1.5 0.21 23.0+10.8 28.6+7.8
8-9m 283+0.9 107 119+ 1.6 455+2.0

22 1-2m 450+13 0.20 16.0+ 1.7 31.7£2.6
8-9m 357+1.3 037 9.1+0.7 474+2.1

24 1-2m 458+14 0.01 153+ 1.8 20.7+2.3
8-9m 464+1.6 043 10.6 £0.5 40.6+1.4

27 1-2m 323+0.7 -0.14 22.8+43 146+1.4
8-9m 419+13 -0.14 10.8+2.7 385+1.6

32 1-2m 174+0.7 -0.11 192 +5.8 274+8.4
8-9m 542+19 042 19.2+4.1 28.8+ 6.1



SES 16

18

20

22

24

27

32

ASF 16

18

20

24

27

NSS 18

20

24

27

36

I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m
I-2m
8-9m

324+t1.6
21.2+1.2
454+2.0
334+1.5
59.0+£2.7
40.6 £2.1
76.9 £2.5
65.7+2.1
86.6 +2.9
86.3+1.9
98.8 £3.7
102.0+£2.6
341+74
44843
284+1.4
15.0£0.8
31.8£2.0
219+13
31.6 £ 1.5
226+1.3
28+1.6
5012

29.8+1.1
19.8+£1.2
38.1+£1.8
245+1.8
56.8£1.9
482+1.3
528+ 1.8
513+2.1

0.45
0.64
0.33
0.24
0.34
0.69
0.14
0.35
0.16
0.20
-0.73
-0.74

0.08
0.31
0.00
0.02
0.02
0.07

0.17
0.14
0.29
0.57
-0.04
0.04

21.6+0.8
12.4+£2.6
14.1+1.4
13.8+2.3
139+1.9
13.5+1.5
153+2.0
125+1.6
234+04
129+1.0
21.9+3.0
146+1.1
23.6+£2.6
148 +1.5
11.0£0.9
8.4+0.7
14.4+£2.0
8.5+0.8
13.6£0.1
95+0.2
11.5+£04
12.3+0.8
127+ 1.1
129+1.0
104+04
7.4+0.1
11.6+1.4
8.8+0.9
149 £0.6
11.7+0.1
16.5+0.6
13.6 £ 0.4
16.0+£2.5
166 +1.3

36.1+1.7
441 +£1.8
339+4.0
36.7+4.6
33.6+8.9
36.9+4.4
41.9+34
41.0+5.2
242 +£3.2
441+£24
309+4.0
433+2.0
31.2+1.1
41.1+£1.6
40.6 £0.8
50.6 3.0
319+ 1.7
456 +52
30.1+1.9
41.7+2.5
403+3.4
32.7+0.4
41.6+£1.3
38.5+0.1
353+1.8
51.9+0.8
34.7+5.0
45.7+3.5
27.8+3.0
40.5+3.0
36.7 £ 0.8
451+£1.6
35.1+4.1
374+1.1

The mean lamina length is given as mean + 1 SE. The dry matter is given as mean % of WW + 1 SE. The

ash content is given as mean % of DM + 1 SE.

* RGR does not show SE because n = 1.



Table L.II. Significant differences in mean lamina length of S. latissima between 1-2 and 8-9 m depth.

Location Week p-value
APN 16 0.830
18 0.052
20 0.013
22 0.000 *
24 0.033
27 0.862 *
32 0.005
36 0.738
39 0.006
SAL 16 0.000
18 0.000
20 0.000
22 0.000
24 0.904
27 0.000 *
32 0.000
SES 16 0.000 *
18 0.000 *
20 0.000 *
22 0.001
24 0.858
27 0.463 *
32 0.158
ASF 16 0.000
18 0.000
20 0.000
24 0.000
NSS 18 0.000
20 0.000
24 0.001
27 0.606 *

Bold numbers indicate significant differences in mean lamina length of S. latissima between depths (p <
0.05). Mann Whitney U test was used for most tests except for where stars (*) indicate the use of two-sample

T-test. n < 50.



Table L.III. Statistically significant differences in mean lamina length in S. /atissima between weeks at

each experimental location.

Location Week vs. week p-value
APN 16 18 0.003
20 0.000
22 0.000
24 0.000
27 0.000
32 0.000
36 0.000
39 0.000
18 20 1.000
22 0.000
24 0.000
27 0.000
32 0.000
36 0.000
39 0.000
20 22 0.057
24 0.000
27 0.000
32 0.000
36 0.000
39 0.000
22 24 0.025
27 0.000 *
32 0.000
36 0.000
39 0.000
24 27 0.005
32 0.000
36 0.000
39 0.702
27 32 1.000
36 1.000
39 1.000
32 36 1.000

39 0.010



SAL

SES

36
16

18

20

22

24

27
16

18

20

39
18
20
22
24
27
32
20
22
24
27
32
22
24
27
32
24
27
32
27
32
32
18
20
22
24
27
32
20
22
24
27
32
22
24

27
32

0.029
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.006
0.000
1.000
1.000
0.001
1.000
0.009
0.001
0.000
1.000
0.000
0.000
0.000
0.000
0.000
0.085
0.294
0.000
0.000
0.000
1.000
0.000
0.000

0.000
1.000



22 24 0.041

27 0.000 *
32 0.000
24 27 1.000
32 0.000
27 32 0.000
ASF 16 18 0.056
20 0.003
24 0.000
18 20 1.000
24 1.000
20 24 1.000
NSS 18 20 0.060
24 0.000
27 0.000
20 24 0.000
27 0.000
24 27 1.000

This table does not distinguish between depths. Bold numbers indicate significant differences in mean lamina
length of S. latissima (p < 0.05) between weeks. Kruskal Wallis test with post hoc (Bonferroni) was used

except for where stars (*) indicate that One-way ANOV A with post hoc (Bonferroni) was used. » < 100.



Table I.IV. Statistically significant differences in mean lamina length of S. /atissima between locations

each week.
Week Location vs. location p-value

16 APN SAL 0.000
SES 0.000

ASF 0.000

SAL SES 0.000

ASF 0.471

SES ASF 0.006

18 APN SAL 0.000
SES 0.002

ASF 0.000

NSS 0.000

SAL SES 0.000

ASF 0.113

NSS 0.415

SES ASF 0.000

NSS 0.000

ASF NSS 1.000

20 APN SAL 1.000
SES 0.000

ASF 0.000

NSS 0.276

SAL SES 0.000

ASF 0.000

NSS 1.000

SES ASF 0.000

NSS 0.000

ASF NSS 1.000

22 APN SAL 0.005
SES 0.000

SAL SES 0.000

24 APN SAL 0.000
SES 0.000

ASF 0.000

NSS 0.137

SAL SES 0.000

ASF 0.000



NSS 0.111

SES ASF 0.000

NSS 0.000

ASF NSS 0.000

27 APN SAL 0.000
SES 0.000

NSS 0.000

SAL SES 0.000

NSS 0.000

SES NSS 0.000

32 APN SAL 0.000
SES 0.000

SAL SES 0.559

This table does not distinguish between depths. Bold numbers indicate significant differences in mean
lamina length of S. latissima (p < 0.05) between locations. Kruskal Wallis test with post hoc (Bonferroni)

was used. n < 100.



Appendix II: Internal NO; -N

Table II. Internal NO;-N values in S. latissima at each location, each week at the two depths.

Location Week Depth mg NO5-N g'1 DM
APN Seedlings 0.22 £ 0.02
16 1-2m 0.20 +0.03
8-9m 0.21+0.02
18 -2 m 0.09 +£0.01
8-9m 0.20 +0.05
20 -2 m 0.07£0.01
8-9m 0.19+0.04
22 1-2m 0.11 £0.04
8-9m 0.25+0.07
24 I-2m 0.01 +=0.00
8-9m 0.09 £ 0.02
27 -2 m 0.01 £0.01
8-9m 0.07 £0.02
32 -2 m 0.01 +0.00
8-9m 0.01 +=0.00
36 -2 m 0.01 £0.01
8-9m 0.04 £0.01
39 -2 m 0.02 +0.00
8-9m 0.04 £0.01
SAL Seedlings 0.07 £0.02
16 -2 m 0.00 = 0.00
8-9m 0.05 £0.01
18 -2 m 0.06 = 0.03
8-9m 0.15+0.01
20 1-2m 0.02 £0.01
8-9m 0.12+0.04
22 I-2m 0.02 +=0.00
8-9m 0.14 +0.02
24 I-2m 0.02 +=0.00
8-9m 0.18 +0.04
27 1-2m 0.01 +0.00
8-9m 0.19+0.05
32 1-2m 0.00 = 0.00

8-9m 0.01 +0.00



SES Seedlings
16

18

20

22

24

27

32

ASF Seedlings
16

20
22
24
27
NSS Seedlings
18
20
24

27

36

0.17 £0.02
0.15+0.08
0.04 £ 0.02
0.02 £0.01
0.04 £ 0.02
0.00 £ 0.00
0.02 £0.01
0.02 £0.02
0.07 £0.00
0.05 £0.01
0.10 £0.05
0.00 £ 0.00
0.03 £0.01
0.00 £ 0.00
0.01 £0.00
0.13+£0.03
0.00 £ 0.00
0.04 £ 0.00
0.00 £ 0.00
0.00 £ 0.00
0.00 £ 0.00
0.00 £ 0.00
0.00 £ 0.00
0.00 £ 0.00
0.00 £ 0.00
0.28 £0.03
0.01 £0.00
0.02 £0.01
0.01 £0.01
0.01 £0.00
0.00 £ 0.00
0.01 £0.01
0.01 £0.00
0.01 £0.00
0.01 £0.00
0.01 £0.00

Values are given in mean mg NO3-N g'1 DM+ 1 SE.



Appendix III: Proteins

Table I1I. Total nitrogen content (N) as % of DM, amino acid residues (AA) as % of DM, nitrogen-to-

protein conversion factor (K,) and protein content in S. latissima for each depth at all locations.

N AA Protein
Protein/N
(% of DM) (% of DM) K, rotein/

(% of DM)
APN 16 12m  34+00 11.1+04 3.6+0.1 122+05  3.6+0.1
89m  38+0.1 119408 35+02 13.1+08  35+02

18 12m  2.6+00 92+08 39+03 10.1+08  3.9+03

89m  32+0.1 100+02 34+0.1 11.0£02  3.4+0.1

20 12m  2.6+0.1 99+02 41+02 109+02  4.1+02

89m  3.1+00 100+03 35+0.1 11.0£04  35+0.1

22 12m  25+0.1 92404 41+01 10.1+04  4.1+0.1

89m 25+06 97407 50+13 107+0.7  5.0+1.3

24 12m  15+03 58+03 44+05 64+03  44+05

89m 2.1+03 79403 3.1+16 58+29  47+09

27 12m  24+04 62+00 3.0+06 68+00  3.0+0.6

89m 20+02 71404 39403 79+05  3.9+0.3

32 12m  13+0.1 49+03 41+03 54+03  4.1+03

89m 18+02 58+02 35403 64+02  35+0.3

SAL 22 12m  08+0.1 29+0.1 42+02 32+0.1  42+02
89m 27+00 88+0.1 3.6+01 97+01  3.6+0.1

SES 16 12m  3.9+06 11.0+£04 32+05 120+04  32+05
89m  33+0.1 100+04 32400 106+03  32+0.0

18 12m  2.8+0.1 9.1+03 3.6+03 100+04  3.6+03

89m  3.0+0.1 87+03 32401 95+03  32+0.1

20 12m 15402 53405 39+0.1 58+05  3.9+0.1

89m  18+0.1 72402 43403 80+03  43+03

22 12m  1.9+0.1 85+02 49+04 94+02 49+04

89m 24+0.1 92402 43+02 102+03  43+02

24 12m  1.8+0.1 7.0+02 43+03 77+02  43+03

89m 23+0.1 83+07 40+04 92+08  4.0+04

27 12m 12401 60+1.7 38+00 47+05  3.8+0.0

89m  35+08 113+12 37402 129+22  3.7+02

32 12m  3.6+14 168+00 3.7+00 185+00  3.7+0.0

89m 43+08 17.7+15 51415 195+17  51+15

ASF 16 12m  1.5+0.1 52404 40+0.1 58+05  4.0+0.1
89m  32+07 91405 33+05 100+£05  33+0.5

Location Week Depth




18 1-2m 1.3+0.1 51+04 42402 5.6+04 42+0.2
8-9m 2.0+0.1 6.0+0.6 3.4+0.6 6.6+0.6 34+0.6
20 1-2m 0.8+0.0 28+0.1 39+0.0 3.1+0.1 39+0.0
8-9m 1.0+0.1 37202 4.1+0.1 4.0+0.2 4.1+0.1
22 1-2m 1.6+0.3 56+1.1 39+0.2 62+1.3 39+0.2
8-9m 1.1+£0.1 40+03 4.0+0.2 44+03 4.0+0.2
24 1-2m 3102 103+0.7 3.6+£00 11.3+0.8 3.6+0.0
8-9m 2.7+0.0 94+02 39+0.1 104+0.3 3.9+0.1
27 1-2m 46+02 17.0+1.0 41+04 18.7+1.1 4.1+04
NSS 20 1-2m 1.0+0.1 35404 39+0.2 39+04 39+0.2
8-9m 1.0+ 0.0 3.7+£0.1 3.8+0.1 4.1+0.1 3.8+0.1
1-2m 2.0+0.1 76+05 3.9+0.1 83+0.5 3.9+0.1
Mean values
8-9m 2.6 £0.1 8704 3.8+0.1 9.3+0.5 39+0.1

Values are given in mean = 1 SE. K, for §. latissima was calculated from equation 7.



Appendix IV: Regression statistics

Table IV. Regression analyses that shows regression model, values, R values and p-values. Bold

numbers indicate significant correlation.

Loc. Regression ax b ax’ bx ¢ R  p-

model value

RGR as a function of internal NO; -N

APN y=ax’+bx+c -24,184 6.431 -0.053 0.306 0.064

SAL y=ax"+bx+c -18.846 4938 0.053 0.138 0.443

SES® y=ax’+bx+c -9.721 1.980 0.274 0.205 0.355

ASF  y=ax’+bx+c 361.345 -14-727 0.039 0.376 0.493

NSS y=ax’+bx+c 1767.413 -65.883 0.503 0.367 0.319

RGR as a function of protein content ”

APN y=ax’+bx+c 0.480 -0.021 -2.274 0.258 0.224
SES® y=ax’+bx+c 0.252 -0.014 -0.761 0.327 0.205
ASF  y=ax’+bx+c 0.192  -0.012 -0.594 0.660 0.115

Internal NOs™-N as a function of N:C ratio

APN  y=ax’+bx+c 20.793  -2.728 0.122 0.472 0.000
SAL® y=ax’+bx+c 15.027  -0.919 0.038 0.527 0.000
SES y=ax’+bx+c -11.670 2.864 -0.110 0.178 0.032
ASF  y=ax’+bx+c -1.985 0.466 -0.015 0.184 0.087
NSS y=ax’+bx+c -0.558 0.113 0.006 0.054 0.512

Protein content as a function of internal NOz-N b

APN y=ax’+bx+c -135.882  61.689 7.082 0.751 0.000
SES® y=ax+b 20.153 9.852 0.202 0.009
ASF  y=ax’+bx+c -3684.777 211.049 9.329 0.017 0.818

K, as a function of time °

APN  y=ax’+bx+c -0.005 0.234 1.085 0.015 0.749
SES y=ax’+bx+c -0.006 0.366 -0.987 0.178 0.036
ASF  y=ax’+bx+c -0.005 0.230 1.255 0.049 0.498

* Outlier in week 32 was removed due to heavy biofouling.
® SAL and NSS were excluded due to protein content analyses from only one sampling date.

¢ SAL and NSS were excluded due to K, data from only one sampling date



