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Supplementary Material

Table S1: Sampling information and storage information. Depth is below mean low water
spring tide. n = 6.

Season Blade Coordinates Holdfast Storage Sampling
depth (m) depth (m) period (days) time
Spring 2 N 54°11'31", 2.5-2.7 3 03.05.21
E 007°52°42" 11:25
4 N 54°11.573°, 4.7-5.3 - 15.04.21
E 007°52.709° 18:10
6 N 54°11°49", 7 - 26.04.21
o EBOOTESP2TT 18:12
Summer 2 N 54°11°31", 3.3-45 4 01.07.21
E 007°52°40" 15:45
4 N 54°11.573', 5.0-5.5 - 05.08.21
E 007°52.709' 8:30
6 N 54°11°49”, 7.5-6.0 2 20.07.21
e BOOTSI2ST 13:09
Autumn 2 N 54°11°31", 4-49 3 18.10.21
E 007°52°43" 9:30
4 N 54°11.573', 5-6 2 28.09.21
E 007°52.709' 15:00
6 N 54°11°49”, 8 3 08.10.21
CBOOTSL2TT 1224
Winter 2 N 54°11°528, 4 4 03.02.22
E 007°52°498 12:06
4 N 54°11.573, 6 2 25.01.22
E 007°52.709 14:35
6 N 54°10°13.0°, 7.5-8 1 16.02.22
E 007°53°28.2” 12:44




Supplement to Franke et al (2024) — Mar Ecol Prog Ser 739: 15-29 — https://doi.org/10.3354/meps14623

Table S2: Experimental set-up. Light:Dark (L:D) photoperiod, mean photosynthetically active
radiation (PAR) and temperature treatments that were applied during the three days of
incubation. Acclimation to the short-term warming treatment (+ 4°C) from in situ temperatures
was achieved with 2°C increments starting from the in situ temperature over 2 days. The in situ
temperature was averaged between 2016 and 2020. The seasonal data were provided by the
CTD2 Underwater Node Helgoland, which is located next to the sampling area, but below 10 m
(MLWS), and all data are archived in PANGAEA (Data Publisher for Earth & Environmental
Science; Fischer et al. 2021a,b,c,d, 2022). Mean PAR was adjusted along the respective depth
(2, 4, 6 m below mean low water spring tide) and season (spring, summer, autumn, winter).
PAR was calculated based on incident irradiance measurements at Helgoland between 2014
and 2017 performed by the Helmholtz-Zentrum Hereon (https://codm.hzg.de/codm/).
Irradiance available at the holdfast depths was estimated by applying the Beer-Lambert Law.

Depth Spring Summer Autumn Winter
(m)
L:D Photoperiod 14:10 16:8 10.5:13.5 8.5:15.5
(h)
PAR (umol 2 233 290 114 62
photons m?2s!') 4 86 114 37 18
6 50 62 19 8
In situ (°C) 7 16 14 6
+4°C (°C) 11 20 18 10

Table S3: Maximum quantum yield measured after different dark acclimation times. Mean +
SD; n=3.

Dark acclimation (min) Maximum quantum yield

5 0.74 +0.03
10 0.74 +£0.02
15 0.72 £0.01
20 0.76 £ 0.01

Table S4: Photosynthetically active radiation (PAR) levels used during the photosynthesis
versus irradiance curves. Incident light was generated by a custom-made light bar with white
LEDs (LUXEON Rebel, Model: LXML-PWN1-0100, Philips, Amsterdam, Netherlands) and
four Schott neutral grey filters. PAR was measured in each season once: n = 4. Mean + SD.

PAR LED 1 LED 2 LED3

level (umol photons m2s™')  (umol photons m2s™')  (umol photons m~2 s7!)
1 19.3+3.6 182+3.3 19.6 £5.3

2 31.8+4.3 31.7+9.1 36.3+6.8

3 59.0+6.1 549+ 12.1 62.1+9.1

4 89.3+43 91.1+15.7 943 +10.8

5 161.0£6.9 164.5 £29.6 159.8 +£20.7

6 275.5+10.1 282.0+£29.6 278.4 £ 10.7

7 353.5+29.9 341.8£71.0 388.7 £33.3

8 585.5+45.6 569.9 £92.8 657.8 £45.1

9 1087.3 £28.3 1014.0 £ 128.3 1126.5+57.9
10 1647.3 £ 104.0 1726.3 +£282.7 1705.0+ 111.3
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Table S5: Mean ratios for conversion of oxygen production rates in Laminaria hyperborea
measured after three days at two different temperature treatments: in situ and in situ temperature
+ 4°C as short-term warming; collected at different depths (2, 4, 6 m below mean low water
spring tide) during four seasons. Dry mass (DM): Fresh mass (FM) ratio and DM: Area ratio
were calculated after measuring each parameter for each disc. Mean + SD; n = 6.

Season Depth Treatment  Temperature DM:FM DM:Area
(m) (°C) (zgh (mg cm?)
Spring 2 In situ 7 0.154 + 0.009 2492 £3.56
+4°C 11 0.150 £ 0.006 2498 £1.91
In situ 7 0.135+0.014 16.25+3.32
+4°C 11 0.133 £ 0.006 15.51+£2.16
In situ 7 0.126 £ 0.006 24.68 £2.85
______________________________ £4°C_ 11 0126+0.006  19.98+286
Summer In situ 7 0.217+0.018 35.78 +4.72
+4°C 11 0.231 +£0.015 43.82 £3.17
In situ 7 0.243 £ 0.030 38.37+7.10
+4°C 11 0.226 £ 0.026 35.67 £ 6.00
In situ 7 0.214+£0.016 32.97+£5.39
______________________________ £4°C 11 0210£0017 35904722
Autumn In situ 7 0.239+£0.017 48.70 £ 11.11
+4°C 11 0.234+0.019 50.75 +£4.47
In situ 7 0.248 +£0.014 40.20 £2.72
+4°C 11 0.260 + 0.035 4441 £9.30
In situ 7 0.244 £ 0.019 50.78 £9.14
______________________________ £4°C 11 0236+0.009  47.05+392
Winter In situ 7 0.215+0.019 37.67 £ 8.00
+4°C 11 0.223+£0.014 39.75 £7.57
In situ 7 0.252 £0.025 36.16 £ 4.55
+4°C 11 0.243 £ 0.039 31.60 £ 7.76
In situ 7 0.256 £ 0.037 36.86 £ 10.54
+ 4°C 11 0.261 £ 0.043 37.95 £8.37

Table S6: Initial values (Day 0) of the maximum quantum yield in Laminaria hyperborea
measured over the seasons along the depth gradient (2, 4, 6 m below mean low water spring

tide). Mean = SD; n = 6.

Depth (m) Spring Summer Autumn Winter

2 0.75+0.016 0.75 £ 0.024 0.76 £0.016 0.75+0.014
4 0.77£0.016 0.76 £ 0.052 0.75+0.029 0.75 +0.020
6 0.78+0.011 - 0.77 £ 0.022 0.75+0.024
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Table S7: Photosynthesis versus irradiance (P-/) curve parameter after three days incubation. Maximum oxygen production rate (Pnax), light utilization
coefficient (a), light compensation point (/.), light saturation point (/) and respiration rates were gained P-/ curves measured in Laminaria hyperborea
from different depths (2, 4, 6 m below mean low water spring tide) during four seasons (Seas). P-I curves were conducted after three days in a
temperature incubation at in situ and in situ temperature + 4°C as short-term warming. Photosynthesis versus respiration (P.R) ratios were calculated

with Ppqc and respiration rates. Mean = SD; n = 6.

Season Depth Treatment Pmax o Ic Ik Respiration P:R
(m) (umol  (pumol (umol Oz ratio
0O O, cm™2 cm? h)
em?  h'/ (umol photons
h™1) pumol m2 s
photons
m2s!)
. 1.87 0.011 + 37.96 170.41 0.36 L 619
2 In situ + 0.006 + + 0.16 +
0.40 ' 17.74 72.55 ' 2.87
. 1.74 0.012 + 30.59 146.13 036 L 554
TEC 0004 : 0.14 :
0.30 ' 14.77 29.74 ' 2.35
. 1.69 0.016 + 15.03 107.81 024 L 870
4 In situ + 0.002 + 0.12 +
0.13 ' 6.17 13.93 ' 4.56
. 1.82 0.014 + 1420 139.20 0.19 L 1151
e 004 0.10 :
0.26 ' 586 28.29 ' 5.62
. 1.54 0.014 + 18.35 134.32 028 L 1085
6 In situ + 0.008 + + 0.24 +
0.22 ' 7.50  56.37 ' 12.14
o . LSL o013+ 1007 13704 020 & 104
2 THC R 0003 T, +7.59 0.9 T
o 0.34 ' 5.99 ] ' 5.99
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. 1.73 0.013 + 28.55 141.12 036 N 5.04
2 In situ + 0.002 + + 0.10 +
0.26 ) 7.38 39.66 ) 1.31
2.05 0.014 + 2398 152.63 032 N 7.68
tac 0002 T % 0.13 +
0.20 ’ 12.31 31.51 ’ 4.00
. 1.47 0.014 + 2954 111.21 041 n 3.97
4 In situ + 0.002 + + 0.12 +
0.14 ’ 542 2141 ’ 1.54
1.64 0.012 + 25.76 134.50 0.32 N 5.63
tac = 0003 = % 0.11 +
0.26 ’ 6.80 16.10 ’ 1.90
. 1.51 0.014 + 26.76 114.65 036 N 5.10
6 In situ + 0.003 + + 0.16 +
0.30 ’ 11.04 24.67 ’ 2.76
S
°é . 1.51 0.010 + 37.15 148.12 _0.46 N 3.77
3 e 0003 Yo 0.17 N
(2 0.44 ) 10.95 32.04 ) 1.77
. 1.44 0.011 + 27.89 139.56 2029 N 5.17
2 In situ + 0.003 + + 0.07 +
0.25 ’ 922 31.27 ’ 1.02
. 1.69 0.013 + 26.74 147.48 0.33 N 5.92
+4°C + 0.005 + + 0.16 +
0.25 ) 9.65 55.16 ) 2.44
. 1.28 0.010 + 26.10 132.33 0.28 N 5.71
4 In situ + 0.003 + + 0.12 +
0.22 ’ 742 3528 ’ 3.05
o
g + 40 i.24 0.010 + i4.34 i27.65 0.36 n 1.61
= 0.004 0.25

< 0.42 296 23.00 2.17
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| 108 oy 3269 10961 .0, 331
6 In situ + 0.004 + + 0.06 +
017 833 13492 Y 0.33
o 105 gogs 2230 13438 o 687
t4C = 0002 *__ % 0.08 =
016 9.77 2337 Y 271
| 097 o1 895 0312 1496
2 In situ + 0.004 + + 0.10 +
017 9.77 2659 15.26
o 121 gy 785 11133 o 1310
t4C = 0005 =+ % 0.08 =
0.18 559 2996 2429
| 103 o0 1355 10365 ., 951
4 In situ + 0.002 + + 0.07 +
0.08 611 2500 6.36
o 102 oy 810 8943 o . 2680
+4°C * 0003 . % 0.09 *
0.2 1149 2792 19.80
| 075 o . 582 AT ., 2123
6 In situ + 0.006 + + 0.09 +
014 605 2316 18.26
’ o 0.69 og. 713 8884 o, 2024
£ PG o002 Eo T 004 "
= 0.08 616 231 Y 15.15
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Table S8: Intercepts and slopes with standard errors (SE) derived from linear mixed-effect models for photosynthesis versus irradiance (P-/) curve
parameter and chlorophyll a (Chl a), chlorophyll ¢ (Chl ¢) contents after three days incubation. Maximum oxygen production rate (Pnmax), light
utilization coefficient (a), light compensation point (/.), light saturation point (/;) and respiration rates were gained P-/ curves measured in Laminaria
hyperborea from different depths (2, 4, 6 m below mean low water spring tide) during four seasons (Seas). P-I curves were conducted after three days
in a temperature incubation at in situ and in situ temperature + 4°C as short-term warming. Mean + SD; n = 6.

Season Treatment P x L i
Intercept Slope Intercept Slope Intercept Slope Intercept Slope
Spring In situ 2.03+£0.16 -0.08 + 0.04 0.0107 £ 0.0038 0.0007 + 0.0009 43.40+8.15 -490+1.89 250.39+62.15 -23.42+14.39
+4°C 1.72+£0.18 0.02 £ 0.04 0.0124 + 0.0022 0.0002 + 0.0005 3481+6.57 -3.63+1.52 149.74 £ 14.57 -2.22+3.37
Summer In situ 1.79 £0.15 -0.05 + 0.04 0.0125 +£0.0016 0.0002 + 0.0004 30.08+5.04 -045+1.17 148.80+18.65 -6.62 +£4.32
+4°C 2.28 £0.20 -0.14 £ 0.05 0.0157 £ 0.0017 -0.0009 + 0.0004 6.03+ 1436  6.95+3.33 149.59+17.36 -1.13+£4.02
Autumn In situ 1.63+0.13 -0.09 +£0.03 0.0106 £ 0.0020  <0.0001 £ 0.0005 24.09 +5.21 1.20£1.21  157.12£20.59 -7.49 +4.77
+4°C 1.96 £0.18 -0.16 £ 0.04 0.0153 +£0.0024 -0.0012+0.0006  37.26+23.22 -1.11£537 149.61 £22.75 -3.28+5.27
Winter In situ 1.14+£0.10 -0.06 + 0.02 0.0108 +£0.0025  <0.0001 £ 0.0006 12.57+493 -0.78+1.14 108.93+16.28 -4.61 £3.77
+4°C 1.49 £0.08 -0.13 £ 0.02 0.0152 +0.0022 -0.0011 £+ 0.0005 8.41 £4.95 -0.18 £ 1.15  119.02 £16.59 -5.62 +3.84
Respiration Chla Chl ¢
Season Treatment
Intercept Slope Intercept Slope Intercept Slope
Spring In situ -0.370+0.112  0.019+0.026 22.11+5.74 -0.59+1.33 10.64 +2.37  -0.44+0.55
+4°C -0.395+0.075 0.035+0.017 2541+4.12 -1.79+£0.95 11.81+1.79  -0.71+0.41
Summer In situ -0.379+0.079  0.001 £0.018 30.43+3.85 -0.28 +£0.89 13.64 +1.43 0.17 £0.33
+4°C -0.221+0.085 -0.036 = 0.020 34.58 £3.97 -1.26 £0.92 17.63+2.27  -0.78+0.53
Autumn In situ -0.257+0.055 -0.010+0.013 45.16 £2.38 -1.40+£0.55 22.80+2.77  -0.80+0.64
+4°C -0.444£0.113  0.039£0.026 47.43 + 4.68 -2.31+1.08 22.87+2.06  -1.00+0.48
Winter In situ -0.144 £ 0.043  0.009 = 0.013 38.08 £4.95 -041+1.14 17.18£1.98 0.03+0.46
+4°C -0.123+£0.043  0.012+0.010 40.07 £ 3.25 -2.20+0.75 19.60£1.66 -1.35+0.38
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Table S9: Chlorophyll a (Chl a), chlorophyll ¢ (Chl ¢) contents and Chl ¢: Chl a ratio in
Laminaria hyperborea from different depths (2, 4, 6 m below mean low water spring tide)
during four seasons. Contents were measured after three days in a temperature incubation at in
situ and in situ temperature + 4°C as short-term warming. Mean + SD; n = 6.

Season Depth Treatment Chla Chle Chl ¢: Chl a ratio
(m) (ngcm™)
Spring 2 In situ 26.1+£2.7 11.8+2.1 0.45+0.04
+4°C 249+54 11.9+1.6 0.49+0.07
4 In situ 9.4+6.7 48+22 0.64+0.23
+4°C 122+5.6 59+£23 0.50+0.08
6 In situ 23.8+5.2 10.0+2.7 0.44+0.13
+4°C 17.7+3.7 9.1+14 0.52 +0.05
Summer 2 In situ 30.6 £ 3.1 14.8+15 048+0.04
+4°C 33.3+6.2 17.8+19 0.54+0.06
4 In situ 279+10.1 12.7+2.8 0.48+0.10
+4°C 27.1+8.2 11.1+£35 0.41+0.03
6 In situ 295+£2.7 154+14 053+0.04
+4°C 282 +3.6 14.7+25 0.52+0.07
Autumn 2 In situ 429 +£3.0 224+34 0.53+0.10
+4°C 432 +5.7 21.8+23 0.51+0.04
4 In situ 38.5+3.2 173+£0.7 045+0.04
+4°C 374+11.7 17.0+4.5 047+0.10
6 In situ 37.3+5.1 192+64 051+0.16
+4°C 34.0+3.1 17.8+1.6 0.52+0.03
Winter 2 In situ 385+2.5 17.8+1.3 0.46+0.02
+4°C 343+4.6 16.7+3.3 0.49+0.06
4 In situ 340+11.4 162+41 0.49+0.08
+4°C 340+ 6.3 14.6+25 043+0.04
6 In situ 36.8+7.4 179+33 049+0.04
+4°C 255+£3.6 11.3+£23 044+0.04
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Fig. S1: Laminaria hyperborea in different seasons. Red circles show cutting area in the meristem. In spring, some individuals had an old blade (1)
attached to the tips of the new blade and in winter, the formation of the new blade (2) just started. Black squares are a reference area of 10 x 10 cm.
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Fig. S2: Pearson correlations of photosynthesis versus irradiance curve parameters (maximum oxygen production rate: Py (wmol Oz cm™2 h!), light
saturation point: /x (umol photons m~2 s71), light compensation point: . (umol photons m~2 s7!), light utilization coefficient: o (umol O> cm™2 h™! (umol
photons m~2 s7!)™1) and dark respiration rate: respiration (umol O, cm~2 h™!)) and chlorophyll (Chl) a (ug Chl @ cm™2) and ¢ (ug Chl ¢ cm™2) contents

of Laminaria hyperborea with seasonal varying factors (temperature (°C), irradiance (umol photons m

-2

from the correlation chart function. Asterisks (*) denote significant correlations: *** p < 0.001, ** p <0.01, * p<0.05. n= 6.
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