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Abstract 39 

 Metabolites are exuded by marine primary producers and contribute to the pool 40 

of dissolved organic matter that structures the ecology and biogeochemistry of marine 41 

ecosystems. In the coastal ocean, macroalgae such as kelps fix inorganic carbon via 42 

photosynthesis and release a fraction of that carbon as dissolved organic matter. In this 43 

study, we characterized the exo-metabolome of the globally distributed foundation 44 

species Macrocystis pyrifera (giant kelp) using liquid chromatography-tandem mass 45 

spectrometry. We assessed the exuded metabolites across gradients in giant kelp 46 

physiological state and productivity driven by seasonal, environmental, and intrinsic 47 

age-dependent biological factors. Our results showed that kelp physiological condition is 48 

a main driver of exudate composition, as revealed by changes in the exudate 49 

stoichiometry and the relative abundance of molecular families. Notably, we identified 50 

that giant kelp may be an important source of brominated dissolved organic matter to 51 

the coastal ocean during senescence, with exudate bromine to carbon molar ratios 52 

(Br:C) reaching 0.14. Lastly, we found that roughly 20% of giant kelp dissolved organic 53 

carbon is recalcitrant to microbial remineralization. Surprisingly, we found no significant 54 

variability in this recalcitrance across giant kelp physiology, despite large shifts in its 55 

DOM composition. This suggests that a diverse mixture of kelp-derived metabolites, 56 

including peptides, brominated phenols, and eicosanoids, may contribute to long-term 57 

carbon storage.  58 

 59 

 60 

 61 



1. Introduction 62 

 Macroalgae are the foundation for many critical marine habitats and exhibit 63 

significant biomass along the world’s coastlines1,2. This biomass is dominated by kelp 64 

forests which have been suggested to play a major role in marine carbon sequestration 65 

due to their rapid growth rates, efficient carbon export, and high carbon content3. As a 66 

result, large-scale seaweed aquaculture and restoration are considered mitigation 67 

strategies for marine carbon dioxide removal4–6. In natural macroalgal systems, this 68 

sequestration potential is proposed to be dominated by the production of recalcitrant 69 

dissolved organic matter (DOM)6,7. however, we lack basic data regarding its 70 

composition, production, and decomposition. Constraining the latter is particularly 71 

important, as it controls the contribution of macroalgae to carbon sequestration, but is 72 

reported to range from 7 – 86% of released dissolved organic carbon (DOC)8–10. Before 73 

large-scale macroalgae aquaculture or restoration can be verified as a marine carbon 74 

dioxide removal (mCDR) strategy, the reactivity of the kelp carbon produced and the 75 

controls on its variability must be evaluated. 76 

 A key regulator of DOM decomposition rates is its molecular composition11,12. 77 

Although the chemical composition of kelps has been explored extensively for the 78 

discovery of desirable natural products for industrial, nutritional, or pharmaceutical 79 

applications, this has largely focused on the compounds found within the kelp tissue 80 

rather than exuded material (i.e. the exo-metabolome)13–18. Previous work explored the 81 

exo-metabolome of macroalgae, such as Dictyota19 and Sargassum20, using high-82 

resolution mass spectrometry, but these studies had limited sampling resolution and did 83 

not consider the effects of environmental conditions or physiology of the organism. In 84 



contrast, the studies that considered seasonal and physiological gradients on kelp 85 

exudate composition used only coarse chemical characterization or focused on targeted 86 

compounds or compound classes21–23; thus, there is a lack of high-resolution kelp-87 

derived DOM characterization across gradients in kelp physiology. To improve 88 

understanding of macroalgae in long-term carbon storage, we need explore the 89 

composition and recalcitrance of the DOM from kelps (Class Phaeophyceae; order 90 

Laminariales), which dominate global macroalgal net primary production1,24, make up 91 

more than 40% of global macroalgae aquaculture25, and are candidates for large-scale 92 

cultivation for mCDR.  93 

 It is well established that the exo-metabolome of primary producers is dynamic 94 

and responds to nutrient stress, pathogens, and/or the developmental stage of the 95 

organism26–28. Likewise, the composition of DOM derived from kelps should be studied 96 

across the same gradients. For temperate kelp forests, physiology and growth rates are 97 

governed by seasonal gradients in temperature, nitrate concentrations, and light, as well 98 

as intrinsic biological factors such as senescence22,29,30. Senescence, an age-related 99 

decline in physiological condition, has been shown to be particularly important, as kelp 100 

senescence resulted in elevated DOM production rates31,32.  Therefore, a major 101 

motivation of this study was to characterize the exo-metabolome of kelp from the 102 

mature growing phase to senescence.     103 

 Describing the composition of DOM released from primary producers is critical to 104 

understanding their biogeochemical and ecological role in ecosystems19,27,33. This is 105 

challenging, as marine DOM consists of thousands of unique molecules, and the low 106 

representation of reference compounds impedes characterization. Despite these 107 



limitations, advances in untargeted metabolomics and molecular networking can be 108 

applied to semi quantitatively measure the elemental and compound class level 109 

composition of highly complex marine DOM samples34–38. These techniques enable 110 

comparative metabolomics, allowing us to observe the composition of kelp-derived 111 

DOM across environmental and biological gradients. By identifying compounds that are 112 

unique to these conditions, we can begin to understand the factors contributing to kelp’s 113 

adaptation to environmental stress and the potential impacts to marine biogeochemistry.  114 

 In this study, we examined the composition of DOM produced by the canopy-115 

forming kelp Macrocystis pyrifera, hereafter giant kelp. Giant kelp is a globally 116 

distributed foundation species and an ideal model for investigating the environmental 117 

and physiological controls on exuded DOM composition. It’s continuous growth and 118 

predictable age-dependent senescence enable the examination of these processes 119 

across large gradients in seawater temperature, nutrient concentrations, and 120 

developmental stage30. By combining high temporal resolution sampling of giant kelp 121 

across seasons and developmental stages with untargeted liquid chromatography 122 

tandem mass spectrometry (LC-MS/MS), we assessed the diversity and recalcitrant 123 

nature of kelp-derived DOM across gradients in its physiology. 124 

 125 

2. Materials and Methods 126 

2.1 Environmental and physiological parameters, kelp sampling and incubation 127 

framework 128 

 The metabolomics data presented here complement previously reported 129 

background environmental, physiological, and microbiome data reported in English et 130 



al., (2025)31 & English et al., (2025)39. Giant kelp blades were sampled from Mohawk 131 

Reef (34.3941°N, 119.7296° W) in Santa Barbara, California USA, between August 132 

2023 and June 2024. In situ seawater temperature was measured by a mooring 133 

maintained by the Santa Barbara Coastal Long-Term Ecological Research (SBC-LTER) 134 

program40. Daily nitrate concentrations were estimated from temperature using a 135 

temperature-to-nitrate (T2N) relationship41. The T2N model was fit using a generalized 136 

additive model (R package mgcv42) of temperature and measured nitrate data sampled 137 

from Mohawk Reef between 2006 - 2024. T2N-estimated nitrate concentrations were 138 

compared to measured nitrate concentrations collected monthly by the SBC-LTER at 139 

Mohawk Reef43.  140 

 Samples for DOC and metabolites produced by giant kelp were collected from 141 

the incubations of individual kelp blades sampled from tagged cohorts. Tagged cohorts 142 

of blades were established in the nitrate-depleted summer and nitrate replete-spring. 143 

From both cohorts, six blades were sampled from unique kelp fronds every two to three 144 

weeks across the mature (< 50 days of age) and senescent (> 50 days of age) periods 145 

of giant kelp development. Blades were transported in ambient seawater to a near-146 

shore laboratory and incubated for 24 hours in 5 L of 0.2 µm filter sterilized seawater 147 

collected from near-shore and maintained at in situ temperatures (13 – 19 ºC) with a 12-148 

hour light: dark cycle. At the beginning and end of the incubation, 500 ml of incubation 149 

media was sampled for DOC and dissolved inorganic carbon (DIC), and 1 L was 150 

sampled for dissolved metabolites.  151 

 Kelp physiology was measured post-incubation as the tissue chlorophyll a to 152 

carbon (Chl:C) and carbon to nitrogen (C:N) ratios44. Briefly, chlorophyll a was extracted 153 



from a 0.8 cm2 punch from the kelp tissue with a two-step liquid phase extraction with 154 

DMSO and a 3:1:1 solution of acetone, methanol, and water. The extract’s absorbance 155 

between 350 – 800 nm was measured on a Shimadzu UV 2401PC (Tokyo, Japan) and 156 

converted to chlorophyll a concentration using a known equation45. For tissue C:N 157 

analysis, blades were dried at 60 ºC for three days, ground to a fine powder and 158 

analyzed on a CE-440 CHN/O/S elemental analyzer (Exeter Analytical, Exeter, UK).  159 

 160 

2.2 Maximum photosynthetic rate (Pmax) 161 

 Pmax was measured as DIC drawdown in the incubation seawater when kelp 162 

blades were incubated at saturating irradiances (> 300 µmol photons m-2 s-1). Samples 163 

of incubation seawater were collected by siphon into 125 ml serum bottle and preserved 164 

with a solution (10% w/v) of HgCl2 (0.1% v/v final concentration). DIC samples were 165 

analyzed with an inorganic carbon analyzer (AIRICA by MARIANDA, Kiel, Germany)36 166 

and calibrated against certified reference material (CRM Batch #206 & #216; Dickson 167 

Lab, San Diego, USA). Rates of Pmax were calculated as: 168 

    Pmax (µmol C gDW hr-1) = ["#$]!&	["#$]"∗)
*∗+

 (1) 169 

where [DIC]0 and [DIC]t are the DIC concentrations (µM C) at the beginning and end of 170 

each incubation, respectively. V is the volume of seawater during the incubation, T is 171 

the incubation time, and m is the tissue dry weight.  172 

 173 

2.3 DOM solid-phase extraction, mass spectral data analysis, molecular formula and 174 

compounds class annotations, and molecular networking 175 



 For metabolomics, 1 L of incubation and ambient seawater (i.e. seawater before 176 

incubation with kelp) were filtered through pre-combusted 0.3 µm GF-75 filteres, 177 

acidified to pH ~2 with Optima® HCl (Fisher Scientific) and DOM was extracted by 178 

solid-phase extraction (SPE) with 1g Priority PolLutant (PPL) cartridges (Bond Elut, 179 

Agilent) following Petras et al.34. With the exception of sampling on 5/7/24 and 5/28/24 180 

in the spring, we sampled the exo-metabolites from six kelp blades and one ambient 181 

seawater control. Regarding those specific dates, we had enough PPL columns 182 

available to support sampling of three kelp samples and the ambient control on 5/7/24, 183 

but were unable to sample for metabolites on 5/28/24. PPL columns were resupplied in 184 

time for regular sampling at the end of the spring cohort on 6/16/24. Concentrated 185 

samples were desalted with 3 bed volumes of pH ~ 2 LC-MS water and then dried 186 

under vacuum for 5 minutes. DOM was eluted from the columns with 6 mL of 100% 187 

methanol (LC-MS grade), dried using high-purity nitrogen and resuspended in 1 mL of 188 

80% LC-MS grade methanol with 1% formic acid. Process blanks (n = 3) were 189 

generated using the same workflow with LC-MS grade water.  190 

 Samples were analyzed on a Vanquish ultra-high performance liquid 191 

chromatography system (UHPLC) coupled to an Exploris 480 Orbitrap Mass 192 

Spectrometer (Thermo Fisher Scientific). Chromatographic separation was performed 193 

with a C18 column (Kinetex, 150 x 2 mm, 1.8 μm particle size, 100 Å pore size, 194 

Phenomenex, Torrance, USA) with a flowrate of 0.5 mL min-1 (Solvent A: H2O + 0.1% 195 

formic acid (FA), Solvent B: Acetonitrile + 0.1% FA). After injection, the samples were 196 

eluted over a 10 minute gradient, including 30 seconds of 5% Solvent B, across a linear 197 

gradient over 7.5 minutes of 5 to 50% Solvent B and 2 minutes 50 to 99% Solvent B, 198 



followed by a 2 minute washout at 99% B and a 3 minute reequilibration phase at 5% B; 199 

ion data was collected through the washout phase. LC-MS grade methanol blank 200 

injections were conducted every 5 samples to control for carry over. Mass and retention 201 

time accuracy and drift were monitored with a quality control (QC) mix of six standard 202 

compounds (sulfamethazine, sulfamethizole, sulfachloropyridazine, sulfadimethoxine, 203 

amitryptiline, coumarin-314).  204 

 Data-dependent acquisition (DDA) of tandem mass spectrometry (MS/MS) 205 

spectra was performed in positive and negative ionization modes. The parameters for 206 

each mode were identical except for switching the polarity. Electrospray ionization (ESI) 207 

parameters were set to 50 AU for sheath gas flow, 12 AU for auxiliary, and 1 AU for 208 

sweep gas. The auxiliary gas 15 temperature was 400°C. The spray voltage was set to 209 

3.0 kV (ESI+) and -2.5 kV (ESI-) with the inlet capillary at 250°C. Additionally, a 50 V S-210 

lens was applied. For the full scan (MS1) acquisition, the scan range was 150–1,500 211 

m/z with a resolution at m/z 200 (Rm/z 200) of 120,000 with one micro-scan. Automated 212 

gain control (AGC) was set to 1.0E6 with a maximum ion injection time of 100 213 

milliseconds. In addition to MS1 survey, a maximum of 5 MS/MS scans of the most 214 

abundant ions per duty cycle were measured with Rm/z 200 of 15,000 with one micro-215 

scan. Automatic gain control targets were set to 5.0E5 with a minimum 10% C-trap 216 

filling for MS/MS. MS/MS precursor selection windows were set to m/z 1. The 217 

normalized collision energy was increased from 25 to 35 to 45%, with z = 1 as the 218 

default charge state. MS/MS scans were triggered at the apex of chromatogram peaks 219 

within 2-15 seconds of their first occurrence. Dynamic exclusion was set to 5 seconds. 220 

Ions with unassigned charge states were excluded from DDA and isotope peaks.  221 



 To check for mass to charge (m/z) and retention time stability, the standard 222 

compound samples were first analyzed as a quality control check (Figures S1 and S2). 223 

All raw and processed LC-MS/MS data as well as processed MS/MS files are available 224 

through the Mass Spectrometry Interactive Virtual Environment (MassIVE) repository 225 

(massive.ucsd.edu) with accession number MSV000095805. Following QC, raw .ms 226 

files were converted to .mzML and feature identification was carried out using mzmine 227 

(v 4.7.8)36. Mass detection was performed in centroid mode with a noise threshold level 228 

of 1.0E05 for MS1 and 1.0E03 for MS2. Chromatograms were built with a minimum 229 

peak height of 3.0E05, a minimum timespan of 0.02 minutes, and a relative mass 230 

tolerance of 10 ppm. Chromatographic resolution was performed with the baseline 231 

cutoff algorithm with a baseline level of 1.0E05 and a minimum height of 5.0E05 and 232 

peak duration range of 0.01 to 2.0 minutes. For isotope peak grouping, m/z and 233 

retention time tolerances were set to 10 ppm and 0.1 min, respectively, and a maximum 234 

charge of 2 was allowed. The most intense peak was selected as the monoisotopic ion. 235 

We applied the following thresholds to align extracted ion chromatograms (XICs) 236 

between samples: 0.015-min retention time tolerance with 25% weighting and 10-ppm 237 

mass tolerance with 75% weighting. After alignment, the peak list filtering option was 238 

used to select XICs that contained at least two isotope peaks and that occurred at least 239 

twice across all samples and had an MS2 scan. The aligned peak list was further 240 

filtered to remove as duplicates any XICs within 5-ppm mass windows and 0.1-min 241 

retention time windows. After filtering, gaps in the feature matrix were filled with the 242 

original peak information using the multithreaded peak finder algorithm with a 10-ppm 243 

mass tolerance and 0.1 min retention time tolerance. Consensus MS/MS spectra were 244 



exported as .mgf files and submitted for feature-based molecular networking in the 245 

GNPS2 environment and compared against the GNPS and National Institute of 246 

Standards and Technology (NIST) 2020 mass spectral library. Features were connected 247 

in molecular networks if they had high-spectral similarity (cosine score ≥ 0.7) and the 248 

top 10 edges connecting one node were kept for each node. Molecular networks were 249 

visualized in Cytoscape (v 3.10.3)46.  250 

 Features identified by mzmine were annotated with their molecular formulas and 251 

compound classification using CANOPUS35 in the SIRIUS38 in silico annotation tool 252 

(version 6.3.0 macOS arm64 build) following ClassyFire47 taxonomy. De novo and 253 

bottom-up molecular formula assignments were performed for features with a m/z less 254 

than or greater than 400, respectively. Formulas for features with an m/z < 850 Da were 255 

predicted based on MS1 isotope pattern analysis and MS2 fragmentation tree analysis. 256 

All adducts were considered and adduct annotation was trusted.  257 

 258 

2.4 DOC bioavailability assays 259 

 Following the incubations of the spring cohort, 1 L of incubation seawater was 260 

filtered through a pre-combusted 0.3 µm GF-75 and inoculated with 3.0 µm-filtered 261 

natural marine microbial community collected from the sea surface at Mohawk Reef in a 262 

ratio of 8:2. Assays were generated for each incubated blade (n = 24) and then 263 

partitioned into 12 pre-combusted 40mL glass vials. The vials were incubated in the 264 

dark near in situ temperatures (~13 - 14 ºC) and sampled as sacrificial parallel 265 

incubations at approximately 0, 7, 30 and 90 days. We define recalcitrant DOC as kelp-266 

derived DOC that was not respired over this dark incubation period. Treatments were 267 



incubated alongside seawater controls (n = 6) to account for the removal of ambient 268 

bioavailable DOC in either the initial ambient seawater or the microbial inoculum 269 

seawater. DOC samples were fixed with 60 µl 4N HCl and analyzed using a Shimadzu 270 

TOC-V or TOC-L according to Halewood et al.48. The bioavailability assay protocol had 271 

not yet been developed when our sampling of the summer cohort occurred so our 272 

bioavailability experiments reported here cover only the spring sampling period. During 273 

the summer period, we froze the exudates following the DOM exudation incubations, 274 

but after thawing, we observed precipitates in the seawater. As a result, we decided not 275 

to perform the bioavailability experiments due to the potential loss of DOM or changes 276 

to its composition that would bias the results. In the spring, we started the bioavailability 277 

assays immediately after finishing the exudation experiments.    278 

 279 

2.5 Statistical analysis 280 

 To evaluate correlations between two variables, an ordinary least squares (OLS) 281 

linear regression was used if one variable was assumed not to have random variability 282 

(i.e. kelp age), but if both variables were assumed to have random error, then a Model 283 

II/Orthogonal Linear Regression was used. Principal coordinate analysis (PCoA) was 284 

computed using Bray Curtis measurements to visualize differences in the relative 285 

abundance of exudate molecular features between seasons and development stage. 286 

Permutational analysis of variance (PERMANOVA) was performed using the adonis 287 

from the R package vegan49 to test if the relative abundance of molecular features was 288 

significantly different between season and developmental stage. Dispersion analysis 289 

was performed using the betadisper function in vegan to test if compared groups had 290 



equal levels of within-group variance, respectively. Before the PCoA and PERMANOVA 291 

were performed, the relative abundances of molecular features across all samples were 292 

angular transformed and then standardized via z-scoring.  293 

 To compare the molecular composition of exudates at the compound class and 294 

subclass level, features were grouped as subnetworks based on the results of the 295 

feature-based molecular networking (FBMN) in GNPS2. For simplification, subnetworks 296 

were classified based on their subnetwork ID (component index output from GNPS2) 297 

and the compound class and subclass that were the dominant contributor to the 298 

subnetwork’s relative abundance (i.e. 91; Phenols; Halophenols). Significant differences 299 

between two groups were measured using Student’s t-test, Welch’s t-test if variances 300 

were unequal, or the Wilcoxon Rank Sum test if observations were not normally 301 

distributed. All tests were considered significant at p-values < 0.05 and were adjusted 302 

using the Benjamini-Hochberg method where appropriate to account for false-discovery 303 

rates. All data visualization and statistical tests were performed in RStudio50 or 304 

Cytoscape46. 305 

 306 

3. Results and Discussion  307 

3.1 Environmental conditions and age structure giant kelp physiological state and 308 

productivity  309 

 In temperate coastal regions, kelp physiology and growth rates are driven by 310 

seasonal nitrate concentrations, light availability, and age-driven senescence30,44. In the 311 

summer where nitrate concentrations are typically below 1 µM, giant kelp accumulates 312 

biomass with high carbon-to-nitrogen content and low Chl:C, relative to spring time 313 



upwelling conditions51. Further, giant kelp growth rates may become limited at nitrate 314 

concentrations less than 1 µM30,44. In addition to seasonally-driven variability in kelp 315 

physiology, giant kelp blades and fronds become senescent at around 50 days of age, 316 

regardless of ambient environmental conditions, and have an average lifespan of about 317 

100 days30,31,52. 318 

 Average daily temperatures and temperature-to-nitrate (T2N) estimated nitrate 319 

concentrations during our sampling period ranged from 11 – 20 ºC and 0.1 – 12 µM, 320 

respectively, and followed a typical annual trend at our study site43: warm summer 321 

conditions with low nitrate concentrations followed by springtime upwelling of cold, 322 

nitrate rich water (Figure 1A). The generalized additive model found a significant non-323 

linear relationship between in situ temperature and measure nitrate concentrations at 324 

Mohawk Reef (R2 = 0.74; n = 210; p < 0.001; Figure S3A), consistent with previous 325 

observations for the entire Southern California Bight region41. T2N estimates were 326 

significantly correlated with the nitrate concentrations measured monthly at Mohawk 327 

Reef (R2 = 0.74, y = 0.83x + 0.26; Figure S3B). From our high-resolution T2N estimates, 328 

we observed that nitrate concentrations were consistently below 1 µM during the 329 

summer, whereas in the springtime, several upwelling events-maintained nitrate 330 

concentrations above this threshold, except for the very end of the spring cohort 331 

sampling period (Figure 1A).  332 

 We used kelp tissue C:N and Chl:C ratios as physiological proxies as they reflect 333 

seasonal nitrate availability and intrinsic biological processes such as senescence and 334 

are positively correlated with kelp growth rates, net primary production, and new frond 335 

initiation44,53. Kelp physiology responded significantly to seasonal environmental 336 



conditions and developmental stage, consistent with previous studies30,31,44. Chl:C was 337 

significantly higher during the mature spring period compared to the summer (p < 338 

0.001), but decreased non-linearly with age in both cohorts after 50 days of age (Figure 339 

1B). We defined kelp as “mature” or “senescent” if the tissue was less than or older than 340 

50 days of age, respectively. Tissue stoichiometric content (C:N) showed a similar 341 

pattern and was significantly higher in the summer mature period relative to the spring 342 

mature period (p < 0.001).  343 

 Maximum photosynthetic rates (Pmax) declined linearly with age (Figure 1C) in 344 

both the spring (OLS; R2 = 0.44, p < 0.001, y = -1.3x + 177, n = 24) and summer 345 

cohorts (OLS; R2 = 0.85, p < 0.001, y = -3.2 + 261, n = 30). This rapid, non-linear 346 

decline in physiology followed the linear decline in maximum photosynthetic rates with 347 

age (Figure 1C), consistent with the patterns observed in senescing autotrophic 348 

organisms54,55. A decrease in maximum photosynthetic potential with age is predicted 349 

by optimization models of leaf-lifespan theory, which posits that photosynthetic 350 

appendages, i.e. blades, seek to maximize photosynthetic gains against maintenance 351 

and construction costs. Differences between the two seasonal cohorts, such as the 352 

initially higher Pmax, steeper decline in Pmax, and low tissue nitrogen in the summer 353 

relative to the spring (Figure 1C) are consistent with the predictions of leaf-life span 354 

theory56. These patterns may reflect giant kelp’s physiological adaptations to optimize 355 

photosynthetic gains across seasonal variability in light, nutrient concentrations and 356 

temperature. These results, along with a recent study that found kelps have a variable 357 

circadian rhythm with tissue age57, suggest a dynamic physiology that should be 358 

considered to understand the role of kelps in coastal biogeochemistry.  359 



 360 

Figure 1. Environmental conditions, kelp physiological state, and maximum photosynthetic 361 
potential across the two seasonal cohorts and kelp age. (A) Daily average temperature and 362 
T2N-calculated nitrate concentrations across the study period. The grey shaded redions show the 363 
specific sampling periods for the summer (Aug 23 – Oct 23) and spring (Apr 24 – Jun 24) 364 
cohorts, respectively. Vertical dashed lines extending from the x-axis mark the sampling dates 365 
for metabolomics measurments and the colors progress from dark blue to dark red in relation to 366 
the age of the kelp tissue sampled. Blue circles with cross hairs (⊗) show the measured nitrate 367 
concentrations from the SBC-LTER. Note that measured nitrate was below the limit of detection 368 
(< 0.1 µM) throuhgout the summer period. (B) Age-related changes in the tissue chlorophyll 369 
a to carbon (Chl:C) ratio in the spring and summer. The solid lines emphasize the non-370 
linear decline in Chl:C with age, beginning after 50 days. (C) Linear decrease in 371 
maximum photosynthetic rate (Pmax) with age in both spring and summer.  The dashed 372 
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and solid regression lines show the significant negative linear relationship between Pmax 373 
and age in the summer and spring, respectively. The dashed, horizontal line represents 374 
the transition between net respiration and net photosynthesis. Panel A is adapted from 375 
English et al., 2025, and panels B and C are adapted from English et al. 2025, 376 
respectively. In panels B and C, the larger circles and triangles represent the mean 377 
value for the replicate tissue samples (n = 6) at each age and seasonal cohort and the 378 
smaller shapes represent the individual measurements. Further, the blue and red 379 
shading on either side of 50 days represents the transition between mature and 380 
senescent kelp. 381 
 382 

3.2 Exo-metabolite variability and stoichiometry 383 

 A primary producer’s exudate composition reflects its response to environmental 384 

stimuli and developmental stage, including its acclimation to stress caused by nutrient 385 

limitation, temperature, microbial infection, or reactive oxygen species 386 

accumulation27,28,58. Using untargeted LC-MS/MS, we annotated a total of 26,191 (ESI+) 387 

and 17,184 (ESI-) molecular features, respectively, with unique mass and retention 388 

times. After filtering for features found in our process and analytical blanks and 389 

identifying features with a peak area >3 times than in the respective ambient seawater 390 

samples, 7,832 and 3,932 exudate features remained in the ESI+ and ESI- modes, 391 

respectively across our samples (n = 45). Exudate features were diverse and included 392 

peptides, fatty acyls, benzenoids, terpenoids, and aromatic organic halogens. We found 393 

that the relative abundance of the exudate features was significantly different between 394 

the developmental stages of giant kelp and season in both ESI+ (Figure 2A; 395 

PERMANOVA, p < 0.001, R2dev_stage = 0.13, R2season = 0.11) and ESI- modes (Figure 2B; 396 

PERMANOVA, p < 0.001, R2dev_stage = 0.19, R2season = 0.13). Gradients along the first 397 

principal coordinate axis explained 21.5 and 19.8% of the variability in the ESI+ and 398 

ESI-, respectively and were associated with kelp developmental stage (Figure 2). The 399 

second principal coordinate axis explained 16.1 and 12.9% of the variability in the ESI+ 400 



and ESI- mode, respectively and captured the seasonal variability in mature stage-kelp 401 

exudates (Figure 2). Exudate composition variability within each developmental stage 402 

was significantly higher in the mature stage compared to the senescent stage in both 403 

ESI+ and ESI- modes (R function betadisper; p < 0.05). This suggests seasonal drivers, 404 

such as temperature or nutrient availability influenced the composition of the mature 405 

stage-kelp exudates more than the senescent stage-kelp exudates. 406 

 407 

 408 

Figure 2. Giant kelp exudate composition is significantly different across developmental 409 
stages. Principal coordinate (PCo) analysis results (angular transformed and z-score normalized 410 
sample-centric relative abundances) for exudate features detected in the (A) positive (ESI+) and 411 
(B) negative (ESI-) electrospray ionization modes between developmental stage and season. 412 
Ellipses capture 95% of the data variability.    413 
 414 

  Major patterns across season and developmental stage included: 1) the exudate 415 

nitrogen content reflects seasonal and developmental stage gradients in nitrate 416 

availability, kelp age and physiology, and productivity and 2) the enhanced exudation of 417 

carbon and bromine-rich aromatic compounds and putative stress response compounds 418 

during senescence. Features containing carbon, hydrogen, oxygen and at least one 419 
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nitrogen (CHON) were the most abundant formulas in both and ESI- and ESI+  modes, 420 

and comprised between 29 and 90% of formulas across all samples. In both ionization 421 

modes, the proportion of CHON formulas significantly decreased between the mature 422 

and senescent developmental stages (Figure 3A and 3B; Wilcoxon Rank Sum, p < 423 

0.05). In ESI+ and ESI-, the proportion of CHON formulas decreased from a mean of 75 424 

and 65% to 66 and 43%, respectively after kelp became senescent. In both seasonal 425 

cohorts and ionization modes, the peak area weighted C:N of the exo-metabolites was 426 

significantly correlated to the C:N of the kelp tissue, and both increased as the kelp 427 

tissue aged (Figures 3C and 3D; R2 = 0.34 – 0.87, p < 0.001). In ESI- mode, we 428 

observed a significantly lower weighted C:N of giant kelp exudates and a significantly 429 

lower proportion of N-containing formulas in the mature spring period compared to 430 

mature summer period, but this was not observed in the ESI+ mode (Figure 3A, 3B; 431 

Figure S4).   432 



 433 

Figure 3: Exudate feature stoichiometry variation across developmental stage and season. 434 
Proportion of exudate feature formulas in the (A) ESI+ and (B) ESI- ionization modes that 435 
contain carbon, hydrogen, and oxygen (CHO), or at least one bromine (CHOBr), nitrogen 436 
(CHON), or sulfur (CHOS). Significant differences between the proportion of these formulas 437 
between developmental stage and season as determined by the Wilcoxon test are shown by 438 
asterisks with the following significance level indicators: nsnot significant, *p < 0.05.  Solid 439 
colored brackets show the results of the Wilcoxon test between seasons within each 440 
developmental stage and the black dashed brackets show the results of the Wilcoxon test 441 
between developmental stages. Significant correlations between the peak area weighted carbon 442 
to nitrogen (C:N) ratios of the exudates and the kelp tissue C:N ratios across seasons and age of 443 
the kelp tissue in the (C) positive and (D) negative ionizations modes. 444 
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 Recent work with giant kelp demonstrates that older kelp tissue upregulates 445 

protein turnover compared to new tissue57, suggesting that kelps regulate their nitrogen 446 

allocation in response to age, potentially in response to lower photosynthetic yields 447 

(Figure 1C)59,60. The exudation of nitrogen-rich compounds such as amino acids, 448 

dipeptides and peptides during the mature stage may function to establish and maintain 449 

host microbiomes26,61. Indeed, we found in our complementary study of these kelp 450 

samples, that the microbiome composition was significantly different between seasons 451 

and developmental stages39. The exudation of nitrogen-containing compounds may 452 

also, counterintuitively, serve to enhance the availability of inorganic nitrogen needed 453 

for kelp growth. For example, work with plant rhizospheres suggest that the exudation of 454 

nitrogen-rich metabolites primes the microbial hydrolysis of otherwise unavailable 455 

dissolved organic nitrogen (DON), resulting in a net increase in available nitrogen for 456 

growth62. Ammonification by microbial hydrolysis of DON may be an important source of 457 

recycled nitrogen that supports kelp growth, especially during the stratified summer 458 

periods51. In a study of bull kelp, the addition of 15N labelled amino acids resulted in the 459 

accumulation of 15N in the kelp tissue and 15NH4+ in seawater63, presumably due to 460 

ammonification by the associated microbiome. This may explain why, in the summer, 461 

kelp released metabolites with a C:N two to three times lower than the tissue C:N, 462 

rather than invest that nitrogen into biomass (Figures 3C and 3D). However, it is 463 

unknown what fraction of nitrogen demand this would support relative to other 464 

processes such as the excretion of ammonia by benthic reef animals51. The increase in 465 

both tissue and exudate C:N in the summer and spring are consistent with the theorized 466 



advantage of reallocating nitrogen-resources away from photosynthetic appendages 467 

with diminishing photosynthetic returns52,64.  468 

 469 

3.3 Associations between molecular families and developmental stage 470 

 Due to the diversity of DOM and the poor representation of compounds in 471 

spectral databases, we used feature-based molecular networking (FBMN) to uncover 472 

the structural composition of kelp-derived DOM across age-driven changes in kelp 473 

physiology. Through FBMN, features that network together have highly similar MS2 474 

fragmentation spectra and therefore have a similar structural composition37. This 475 

networking increases the confidence in the feature formula and compound classification 476 

from the SIRIUS and CANOPUS outputs, and can be used to propagate the few 477 

spectral library matches across detected features. Results from FBMN of exo-478 

metabolite features revealed clear compositional changes in response to kelp tissue 479 

age (Figure 4). In the ESI- mode, FBMN organized the 3,392 features into 436 480 

subnetworks, or molecular families (Figure 4A). Many of these molecular families 481 

comprised a large fraction (>10%) of the total peak area of exudate features in each 482 

sample and were specific the either the mature or senescent developmental stage. The 483 

relative abundance of almost half (48%) of these subnetworks was significantly enriched 484 

during either developmental stage, suggesting the preferential exudation of specific 485 

compound classes by mature and senescent kelp (Figures 4B, 4C, and 4D; Wilcoxon 486 

Rank Sum test, FDR-adjusted p < 0.05). In the ESI- mode, these molecular families in 487 

the mature phase were enriched in included amino acids, peptides, and analogues and 488 

prenol lipids, while the senescent exudates were enriched in a number of aromatic 489 



halocarbons, such as halophenols, aryl bromides, aryl chlorides, or halogenated 490 

benzoic acids (Figure 4D). Changes in the relative abundance of these major compound 491 

groups showed a clear response across the transition from the mature to senescent 492 

physiological state (Figures 5A and B). The increase in the relative abundance of 493 

halogenated phenols and aryl groups coincided with a significant increase (Wilcoxon 494 

test, W = 15, p < 0.001) in the peak area weighted bromine to carbon (Br:C) ratio during 495 

senescence (Figure 5C). Although the production of halogenated phenols was higher 496 

during senescence, we did observe the release of 3,5-Diiodo-L-tyrosine, 3-Iodo-L-497 

tyrosine, and 3-Bromotyrosine preferentially during the mature kelp developmental 498 

stage (Figure 4C, Figure S5B). Halogenated tyrosines and their derivatives are 499 

widespread among marine organisms and exhibit diverse bioactivities, including 500 

antibacterial activity65 and may play a role in kelp defense during the mature 501 

developmental stage.  502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 

 511 

 512 



 513 

Figure 4. Molecular feature subnetworks detected in the negative electrospray ionization 514 
(ESI-) mode are significantly enriched across giant kelp developmental stage. (A) Network 515 
of all exudate features (nodes) linked by edges representing cosine similarity scores > 0.7 516 
between nodes. Subnetworks are ordered by the number of nodes they contain and individual 517 
node sizes are scaled to their mean MS1 peak areas across all samples. Nodes are filled as pie 518 
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charts representing the relative MS1 peak area of that feature across different kelp ages. 519 
Representative FBMN subnetworks that contain features with matches to the NIST20 or GNPS2 520 
spectral libraries are shown in (B) and (C) along with the structure of the library match. (E) 521 
Abundant subnetworks (mean peak area relative abundance > 1%) that are significantly different 522 
(Wilcoxon, FDR-adjusted p < 0.05) enriched between the mature and senescent kelp 523 
developmental stages. In the left panel, all subnetwork peak areas were normalized to 1 and the 524 
color shows the relative abundance of that subnetwork across the different ages (16, 30, 37, 43, 525 
64, 77 & 78 days). The corresponding point and line plot to the right shows the range in 526 
subnetwork relative abundance across all samples in which the subnetwork was detected.  Note 527 
the x-axis is log10 scaled.  528 
 529 

 During senescence, we observed an increase in the relative abundance of 530 

molecular families enriched in putative antimicrobial66, antibiofilm67, and immune 531 

function68, including eicosanoids, halogenated phenols, fatty amides, furans, 532 

diterpenoids, and sulfonic acids (Figures 4D and S5D). In the ESI- mode, several 533 

subnetworks (Figure 4D; subnetworks 282, 389, 1520, 201, 342) enriched in 534 

eicosanoids and fatty acids had significantly higher relative abundances in senescent 535 

kelp exudates. Eicosanoids and fatty acids are putative immunolipids that regulate host-536 

microbe symbiosis and host inflammation33. Studies of corals and macroalgae show that 537 

eicosanoids are produced in response to wounding69 and regulate microbial-driven 538 

disease70. From FBMN and spectral matching to the NIST reference library, we found 539 

that giant kelp produces the eicosanoid 14,15-Epoxy-5Z,8Z,11Z-eicosatrienoic acid 540 

(14,15-EET) and structurally related compounds (Figures 4B and 4D; subnetwork 389) 541 

preferentially during senescence. EET’s are known for their inhibition of cell adhesion 542 

and anti-inflammatory properties, particularly within the human vasculature system71. 543 

The production of 14,15-EET suggests kelp may also employ these compounds in 544 

respond to increased stress due to aging or microbial infection. Likewise, the increase in 545 

the production of sulfur-containing exudates during senescence suggests a defensive 546 



response by kelp (Figure 3B). Previous work has shown that the production of sulfur 547 

containing metabolites by brown macroalgae can deter grazers, and may be produced 548 

in response to physical damage72.  549 

 Putative defensive or stress-response compounds were also detected in the 550 

ESI+ mode data and included an increase in the relative abundance of molecular 551 

families enriched in aminoxides, diterpenoids, and lactams during senescence (Figure 552 

S5). In the ESI+ mode, 174 of the 977 subnetworks were significantly enriched in either 553 

developmental stage. Features classified as amino acids, peptides, or analogues were 554 

the most abundant and showed a similar trend in response to developmental stage as in 555 

the ESI- mode (Figure S6).  556 

 557 

 558 

 559 
Figure 5. Major compound subclass relative abundance across kelp age and seasons in the 560 
ESI- analytical mode.  The relative abudnance of compound subclasses across kelp age and 561 
season classified as (A) Amino acids, peptides, and analogues and (B) halogenated aromatics, 562 
including halophenols, aryl bromides, aryl iodides, aryl chlorides and halobenzoic acids. (C) The 563 
peak area weighted bromine to carbon (Br:C) ratio. Larger shapes indicate the mean value at 564 
each age and season and the smaller shapes represent the individual measurments.  565 
 566 
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3.4 Kelps are a source of brominated dissolved organic matter  568 

 Kelps are well known for their contribution to the marine halogen cycle and can 569 

concentrate iodine and bromine to millimolar amounts in their tissues73,74. However, the 570 

links between kelp halogen metabolism, dissolved organic matter biogeochemistry, and 571 

carbon sequestration have yet to be explored. We observed an increase in the diversity 572 

and abundance of brominated compounds as kelp became senescent (Figures 3B, 5B, 573 

and S7). In the ESI- mode, features with at least one bromine (CHOBr) were 2 – 36% of 574 

all formulas. On average, CHOBr were 8% of mature kelp exudate formulas, but 575 

increased to 23% of formulas in the senescent kelp exudates (Figure 3B). In the ESI- 576 

mode, we identified 594 exudate features that contained between 1 and 6 Br atoms. 577 

Nearly half (48%) contained a single Br atom, 49% contained between 2 – 4 Br atoms 578 

and about 2% contained 5 or 6 Br atoms. Mono- and poly-brominated phenols have 579 

previously been observed in the exudates of the kelps Eisenia bicyclis and Ecklonia 580 

kurome75. CHOBr formulas were rarer in the ESI+ mode results, making up on average 581 

only 0.1 and 1.5% of formulas in the mature and senescent development stages, 582 

respectively (Figure 3A). Compound classification of CHOBr features, based on the 583 

Classyfire ontology, revealed that the majority were aromatics such as phenols and aryl 584 

halides, consistent with their high oxygen to carbon (O:C) and low hydrogen to carbon 585 

(H:C) ratios (Figure S7). These CHOBr molecular features had a similar range in O:C 586 

and H:C stoichiometries as reported CHOBr features in the exudates of the brown algae 587 

Sargassum20, suggesting brown algae may be an important source of brominated 588 

dissolved organic matter to the ocean.  589 



 While it is known that brown algae exude aromatic compounds, including phenols 590 

9,75–77, the magnitude and controls on their production are poorly constrained78. The 591 

increase in the excretion of halogenated phenols, aryls and other benzenoids, (Figure 592 

4D and 5B) is likely a response to stress experienced by senescing kelp. Little is known 593 

about the mechanisms behind giant kelp senescence, although the regular timing of its 594 

occurrence regardless of ambient environmental conditions30,79 and its rapid onset 595 

following a linear decline in photosynthetic efficiency (Figure 1C) suggests some level of 596 

regulation similar to that of plants60. The decrease in the maximum photosynthetic 597 

potential observed with age can result in the accumulation of reactive oxygen species 598 

(ROS) at high irradiances80 (Figure 1C). Under these conditions, ROS, such as 599 

hydrogen peroxide (H2O2), can accumulate and result in cell death81,82. Organisms have 600 

diverse mechanisms to reduce internal ROS concentrations. In kelps, this involves the 601 

use of vanadium-dependent haloperoxidases that catalyze the oxidation of halogens 602 

with hydrogen peroxide, resulting in the formation of halogenated organic 603 

compounds83,84. Bromoperoxidases from kelps and other algae catalyze the bromination 604 

of a wide range of compounds, including phenols and polyphenols such as 605 

phlorotannins84–86, which would explain the increase in brominated phenols in 606 

senescent kelp exudates (Figures 4D and S7).  607 

 In addition to a byproduct of H2O2 detoxification, halogenated phenols and other 608 

haloperoxidase products are potent antimicrobial agents87 as halogenation increases 609 

the bioactivity and antimicrobial effectiveness of phenols and other compounds87–89. In 610 

tandem with kelp entering its senescence phase, we observed, in a complementary 611 

study39, a shift in the microbiome composition of these same kelp samples. This 612 



involved an increase in the relative abundance of potential pathogens and the 613 

degradation of the alginate-rich cell wall, resulting in a pulse of oligoalginate 614 

degradation products. Therefore, an alternative mechanism for the exudation of 615 

halogenated aromatics during senescence may be the oxidative burst stress 616 

response57,90,91. In this pathway, microbial hydrolysis of the alginate-rich kelp cell-wall 617 

releases oligoalginates that trigger the production of H2O2 that is then scavenged by 618 

haloperoxidases. This mechanism is critical for kelp defense against microbial 619 

pathogens90. Consistent with the trigger of this pathway, we observed an increase in the 620 

abundance of molecular families enriched in carbohydrates in senescent giant kelp 621 

exudates (Subnetworks 509 and 1215 in Figures 4D and S5D, respectively) possibly 622 

due to alginate degradation products produced during senescence as we reported 623 

previously31.  624 

 There has been extensive research on the production of short-lived volatile 625 

brominated compounds such as bromoform and dibromomethane by kelps due to their 626 

destruction of ozone92. The data presented here suggests kelps additionally release 627 

semi- or nonvolatile brominated compounds into the ocean that may contribute to the 628 

pool of recalcitrant DOC93. Previous work on the volatile halocarbons by kelps showed 629 

that the production was catalyzed by UV exposure94, high irradiances23, or increasing 630 

temperatures95 consistent with the activity of bromoperoxidases during stress and H2O2 631 

accumulation. Notably, outside of the senescent stage kelp, the highest abundance of 632 

halogenated aromatics in kelp exudates were observed during the summer cohort 633 

(Figure 5B). The relative abundance of these compounds was not constant across the 634 

mature summer kelp sampling period, but peaked around the highest seawater 635 



temperatures of our sampling period (~ 19 ºC; Figure 1A, 5B). The production of 636 

halogenated aromatics was low throughout the entire mature spring cohort sampling 637 

period (Figure 5B) when temperatures were low and nitrate concentrations were high 638 

(Figure 1A). Previous work demonstrated the production of methyl bromide and 639 

bromoform also peaks in the summer23.  640 

 While these mechanisms explain the enhanced production of halogenated 641 

aromatics in senescent kelp DOM, it is unclear what will be the fate of this highly 642 

brominated organic matter. Halogenated aromatics or their degradation byproducts are 643 

often recalcitrant to microbial degradation96. For example, industrially-derived 644 

brominated aromatics, such as the flame retardant Tetrabromobisphenol A or the anti-645 

fungal 2,4,6-tribromophenol, accumulate in the environment as a result of their chemical 646 

inertness or incomplete microbial degredation97,98. Future work is needed to evaluate 647 

the degradation of kelp-derived brominated aromatics.  648 

 649 

3.5 Recalcitrance of kelp-derived dissolved organic carbon (DOC) 650 

 The proposed role of macroalgae in long-term carbon storage in the ocean is 651 

based on the poorly constrained recalcitrance of released DOC6,7. This potential 652 

recalcitrance has motivated proposals for macroalgal based carbon-dioxide removal in 653 

the ocean; however, only a handful of studies have attempted to measure the fraction of 654 

macroalgal-derived DOC that is recalcitrant9,10,99–102, and fewer have considered the 655 

role of kelp physiological condition in these estimates. In this study, we measured the 656 

fraction of kelp-derived DOC from a spring kelp cohort that was recalcitrant across age-657 

dependent changes in kelp physiology and DOM composition. After the three-month 658 



incubation period, we observed a recalcitrant fraction of kelp-derived DOC in every 659 

incubation (n = 24; Figure 6A). The percent of recalcitrant kelp-derived DOC ranged 660 

from 7-44% and averaged 19 ± 10% (Figure 6B). Bioavailable DOC was rapidly 661 

consumed within 7-30 days, with little change observed between 30 and 90 days. The 662 

fraction of DOC that was recalcitrant showed no significant correlation with the age of 663 

the kelp (Model II Regression; R2 = 0.03, p = 0.38) or the concentration of kelp-derived 664 

DOC at the beginning of the incubation (Model II Regression; R2 = 0.11, p = 0.12).  665 

 666 

 667 

Figure 6. Bioavailability of kelp derived DOC in batch culture assays over three months. 668 
(A) Time-course of dissolved organic carbon (DOC) concentrations in the kelp-derived DOC 669 
(Kelp) and background DOC (Control) bioavailability assays. (B) Normalized kelp-derived DOC 670 
concentrations, corrected against the respective control incubations at each timepoint, over the 671 
three-month bioavailability assay. Points in both plots are slightly jittered at each timepoint for 672 
better visibility of the individual data points.  673 
 674 

 In our previous work we demonstrated that consideration of age-dependent 675 

senescence was critical to constrain the magnitude DOC production and potential for 676 

long-term carbon storage31. Likewise, we demonstrate that the composition of kelp-677 
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derived DOC is dependent on the physiological state of kelp, driven by a combination of 678 

seasonal abiotic forces and developmental stage. Molecular composition of DOC is a 679 

main regulator of its recalcitrance and the data presented here clearly show that, while 680 

much of the DOC released by kelp includes putatively labile compounds, such as 681 

peptides and carbohydrates12, kelps releases a diverse array of halogenated aromatic 682 

compounds that may be more recalcitrant. A recent study observed that dissolved 683 

organic bromines (DOBr) contribute to the marine refractory organic matter pool93; 684 

however, the molecular features identified in that study had lower oxygen to carbon 685 

(O:C ~ 0.35) and higher hydrogen to carbon (H:C ~ 1.3) ratios than the DOBr observed 686 

in our study (O:C ~ 0.2 - 1.0, H:C ~ 0.2 - 1.0; Figure S7A). This suggests deep-ocean 687 

DOBr compounds are more aliphatic than aromatic compared to the freshly released 688 

DOBr from kelps. In our previous study of Sargassum-derived DOM, we demonstrated 689 

that phenolics are a component of biologically recalcitrant macroalgal-derived DOC, 690 

although they were susceptible to photodegradation101. It is likely that sunlight can 691 

degrade these halogenated aromatics into aliphatics77,103 and produce compounds with 692 

O:C and H:C ratios that resemble deep ocean DOBr. In addition, microbial metabolism 693 

may produce degradation products resembling deep ocean DOBr by transforming the 694 

aromatic ring into an aliphatic byproduct104,105.  695 

 Despite large gradients in the stoichiometry and compound class relative 696 

abundance of giant kelp exudates, we observed no significant variability in the 697 

proportion of kelp-derived DOC that was recalcitrant to microbial remineralization in 698 

response to kelp age (Figure 6). We note that our bioavailability experiments consider 699 

only the spring cohort; however, both the spring and summer cohorts had similar shifts 700 



in the stoichiometry and relative abundance of major compound classes in response to 701 

age (Figures 3, 5, and S6). The average proportion of giant kelp-derived DOC that was 702 

recalcitrant (19 ± 10%) is equal to the amount reported for cold-water kelps in a recent 703 

study (20 - 29%)10, but lower than that reported for farmed Saccharina japonica (~ 704 

37%)102 and the assumed 33% first proposed by Krause-Jensen and Duarte (2016). 705 

The first study found a significant, but weak (R2 = 0.10 – 0.16) correlation between the 706 

amount of recalcitrant DOC and the humic fluorescence signature of the exudates, 707 

suggesting compounds such as phenolics may drive the recalcitrance of the kelp-708 

derived DOM.  709 

 The relative stability in the fraction of DOC that was recalcitrant in our study may 710 

be due to a number of reasons. First, although the transition to senescence resulted in 711 

an increase in halogenated aromatics and a decrease in nitrogen-rich compounds, there 712 

was also an increase in the amount of putatively labile compounds such as 713 

carbohydrates (Figure 4D). Second, it is likely that portions of each chemical class are 714 

labile and recalcitrant. For example, Quinlan et al.106, observed that labile metabolites 715 

released by corals and macroalgae belong to diverse chemical classes such as 716 

benzenoids, organic acids and lipids. Lastly, our metabolomics approach using PPL 717 

column solid-phase extraction characterizes only a fraction of the total DOM pool (~25-718 

65%)19,107,108. Therefore, differences in extraction and ionization efficiencies of 719 

molecules may prevent direct comparisons between the relative abundance of 720 

molecular families and bulk DOC remineralization assays. For example, although 721 

halogenated aromatics are likely enriched in senescent kelp exudates, their relative 722 

abundance may be inflated due to the generally higher extraction efficiencies of 723 



aromatic compounds using PPL columns108. Additionally, a large fraction of kelp 724 

exudates are large polysaccharides that are not captured by our metabolomics 725 

approach. This includes large polymers (> 30 kDa) such as fucoidan, a biologically 726 

recalcitrant polysaccharide109. We previously observed that during senescence, the 727 

composition of kelp high molecular weight polysaccharide exudates shifts from the 728 

dominance of fucoidan to alginate that are more labile31,110. The production of more 729 

labile polysaccharides may compensate for the increased production of halogenated 730 

aromatics during senescence, resulting in a relatively fixed percentage of recalcitrant 731 

DOC produced by kelp (Figure 6B).  732 

 Regardless, compounds released during senescence likely account for an overall 733 

greater magnitude of DOC sequestration by kelps simply due to overall higher DOC 734 

production rates31,32. In our previous study, we estimated that senescence was 735 

responsible for ~ 75% of annual DOC production by giant kelp31. Therefore, the 736 

bromine-rich DOM produced by kelp during senescence may contribute significantly to 737 

marine carbon sequestration. However, more work is needed to demonstrate the 738 

degradation rates and products of these compounds by both biotic and abiotic sinks, 739 

including photodegradation which can remineralize biologically recalcitrant aromatics or 740 

transform them to more bioavailable products77,101,111.  741 

 742 

4. Environmental Implications 743 

 Coastal ocean ecosystems are dynamic biogeochemical regions and we are only 744 

just beginning to understand their global role112. Kelp forests are the largest coastal 745 

vegetated habitat globally24,113, and it is critical that we identify processes controlling the 746 



magnitude and composition of biogeochemical fluxes from these systems. This work 747 

reveals the diversity of kelp-derived DOM and provides new insights into the 748 

relationship between the physiological state and biogeochemistry of kelps that will guide 749 

future research into their long-term carbon storage potential. Our data supports recent 750 

work10 suggesting that, on average, less than one third of kelp-derived DOM is 751 

recalcitrant to microbial remineralization. Additionally, the dynamic composition of kelp-752 

derived DOM across environmental and physiological gradients reveals new avenues 753 

for research on the chemical ecology of kelp forests, especially as they respond to 754 

climate change, competition, grazing, or microbial disease72,90,114–116. Future work 755 

should explore the functional role of dissolved metabolites released by kelp, in particular 756 

the bromine-rich compounds, which may inform strategies for conservation, restoration, 757 

and large-scale aquaculture for marine carbon dioxide removal.  758 
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Figure S1. Quality control for ESI+ UHPLC-MS/MS. (A) m/z and (B) retention time 1259 
deviations for samples run in the ESI+ mode. The six standard compounds were run every 10 1260 
samples. The x-axis on all plot are the QC sample number run every 10 samples.  1261 
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 1268 
 1269 
Figure S2. Quality control for ESI- UHPLC-MS/MS. (A) m/z and (B) retention time 1270 
deviations for samples run in the ESI- mode. The standard compounds were run every 10 1271 
samples. The x-axis on all plot shows the QC sample number run every 10 samples. The internal 1272 
standards sulfamethazine, amitriptyline, coumarin 314 were not observed in the negative mode 1273 
annotations from mzmine.  1274 
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 1282 
Figure S3: Temperature-to-nitrate (T2N) estimates. (A) Generalized additive model fit for the 1283 

temperature to nitrate relationship at Mohawk Reef. The solid line is the model fit and the dashed 1284 

lines show the standard error about the curve. Open circles show the in situ temperature and 1285 

measured nitrate concentrations from 2006 to 2024. Vertical markings on the x-axis emphasize 1286 

the density of observations along the temperature gradient. (B) Comparison between measured 1287 

nitrate concentrations and the estimated nitrate concentrations from the T2N relationship. The 1288 

dashed line is the 1:1 line and the solid line is the significant Model II linear regression (R2 = 1289 

0.74; p < 0.001, n = 210, y = 0.83x + 0.26).  1290 
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 1292 
Figure S4: Mature developmental stage peak area weighted exudate carbon to nitrogen ratios 1293 

(C:N) in (A) ESI+ and (B) ESI- modes. The ns and * indicate not significant and significant (p < 1294 

0.05) differences between the two seasons (Wilcoxon Rank test).  1295 
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Figure S5: Distinct molecular feature subnetworks detected in ESI+ mode are significantly 1304 

enriched across the developmental stage of giant kelp. (A) Network of exudate features 1305 

(nodes) linked by edges representing cosine similarity scores > 0.7 between nodes. Nodes are 1306 

sized by the mean of the MS1 peak areas and colored by the mean proportion of the peak area at 1307 

each age of the kelp. Representative FBMN subnetworks that are significantly enriched between 1308 

developmental stages are shown in (B) and (C). In B, structures and names of the spectral library 1309 

matches are show. (E) The relative abundance of abundant subnetworks (mean peak area > 1%) 1310 

with significantly different (Wilcoxon, FDR-adjusted p < 0.05) relative abundances between 1311 

developmental stages. All subnetwork peak areas were normalized to 1 and the color shows the 1312 

relative abundance of that subnetwork at different ages (16, 30, 37, 43, 64, 77 & 78 days). The 1313 

corresponding point and line plot shows the range in subnetwork relative abundance across all 1314 

samples in which the subnetwork was detected.   1315 
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 1325 
Figure S6: The relative abudnance of compound subclasses detected in positive mode (ESI+) 1326 

across kelp age and between seasons classified as Amino acids, peptides, and analogues. Larger 1327 

shapes indicate the mean value at each age and season and the smaller shapes represent the 1328 

individual measurments.  1329 
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 1333 
Figure S7: Chemical diversity of features containing bromine detected in ESI- mode.  (A) 1334 

Van Krevelen diagram showing the hydrogen to carbon (H:C) ratio versus the oxygen to carbon 1335 

(O:C) ratios of bromine containing formulas (CHOBr) that were detected in either the mature 1336 

and senescent developmental stages. (B) Tree plot of Classyfire super class (box color) and class 1337 

annotations (inset text) of CHOBr features. The size of the boxes represents the relative peak 1338 

area across all samples (n = 45).  1339 
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