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Abstract 20 

While light availability plays a critical role in seagrass growth and distribution, there is limited 21 

understanding of how changes in light exposure impact belowground processes. We investigated 22 

the effect of prolonged and fluctuating reductions in light on root growth and exudation by three 23 

colonizing seagrasses: Cymodocea serrulata, Halophila ovalis and Halodule uninervis. 24 

Seagrasses were grown in mesocosms under continuous full light (control), under continuous 25 

light reduction (medium or low), or under fluctuating light (10 days of low and four days of high 26 

light, repeated three times). Plants were harvested (i) six weeks after light treatments (impact), 27 

and (ii) after an additional four weeks of continuous full light (recovery). Root exudates were 28 

collected from trap solutions and measured for dissolved organic carbon (DOC), total dissolved 29 

nitrogen (TDN), and dissolved organic matter (DOM) excitation/emission fluorescence 30 
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spectroscopy. Root biomass decreased in all shading treatments. The most notable impact of 31 

light treatment was an increase in root exudation of DOC, protein-like DOM and humic-like 32 

DOM under fluctuating light for all species. After four weeks of recovery, exudation of DOC, 33 

and protein-like DOM observed under fluctuating light returned to the control light levels. 34 

However exudation of DOC and protein-like DOM by H. ovalis grown in continuous low light 35 

remained greater than the control, likely due to root death. This study suggests the belowground 36 

environment of seagrasses is sensitive to light reduction. Monitoring changes in root exudation 37 

of seagrasses can provide an effective and rapid method to assess light stress and short-term 38 

recovery of seagrasses.  39 

Keywords: dissolved organic matter (DOM), EEM-PARAFAC, rhizosphere, dissolved organic 40 

carbon, root growth, light stress, dredging 41 

Introduction 42 

Tropical marine systems are dynamic environments that experience transient periods of light 43 

reduction from sediment re-suspension caused by storms and cyclones, prevailing winds and 44 

tides, and riverine inputs (Collier et al. 2012a). Seagrasses inhabiting these systems have 45 

therefore adapted to short-term reductions in light by balancing respiratory requirements with 46 

carbon supply via a cascade of physiological adaptations (e.g. photo chemical and metabolic 47 

shifts) and morphological adaptations (e.g. increased shoot:root biomass) (Ralph et al. 2007). 48 

However, in nearshore coastal waters, seagrasses are frequently exposed to additional reductions 49 

in light availability owing to increased turbidity associated with higher sediment and nutrient 50 

loads from coastal development and dredging (Ralph et al. 2006). Prolonged reduction in light 51 

availability (> 30 days) can result in meadow-scale changes in morphology, percent cover and 52 
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community composition as susceptible species die-off (Collier et al. 2012a; b). Sediment plumes 53 

from dredging operations also result in a cycle of sediment re-suspension and settlement, thus 54 

exposing seagrass to multiple shading events. However, the impact of these cycles of fluctuating 55 

low and full light on seagrass survival has not been rigorously tested. Further, the impacts of 56 

altered light conditions in the water column on belowground functioning, including root growth 57 

and exudate production, and how these may vary among species, are largely unknown. 58 

Seagrasses are unique among autotrophic marine organisms in that aboveground production is 59 

inextricably linked with sediment biogeochemical processes via root exudation and deposition of 60 

cellular debris into the rhizosphere (Holmer et al. 2001). Root exudates are considered to be a 61 

central component in the provision of carbon sources to microbial communities in the 62 

rhizosphere of most plants (Alegria Terrazas et al. 2016; Dijkstra et al. 2017). In seagrasses, 63 

exudates might thus be considered the primary fuel for mineralization processes close to the root 64 

surface that generate additional nutrients for growth (Holmer and Nielsen 1997; Welsh 2000). 65 

Plant production of root exudates is largely dependent upon the photosynthetic activity and 66 

metabolism of aboveground components (Badri and Vivanco 2009; Gavrichkova and Kuzyakov 67 

2017). For example, high light intensity increased exudation of citrate from cluster roots of white 68 

lupin (Cheng et al. 2014) and root exudation in both maize and wheat exhibited diurnal patterns 69 

in concentration and composition (Kuzyakov et al. 2003; Oburger et al. 2014). However, recent 70 

14C shoot labelling of maize plants also revealed that photosynthesis affected root and 71 

rhizomicrobial respiration on variable time-scales with the authors concluding that 72 

rhizomicrobial respiration may depend on internal circadian cycles regulating exudation rather 73 

than on light directly (Gavrichkova and Kuzyakov 2017). In contrast to most terrestrial plants, 74 

seagrasses grow in submerged environments and are faced with the constant challenge of 75 
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providing sufficient oxygen to belowground tissues (Greve et al. 2003; Pedersen et al. 2016). 76 

Consequently, if light is inadequate for photosynthesis to supply this oxygen, low light 77 

availability might also increase root exudation due to the release of toxic metabolites (e.g. 78 

ethanol) from anoxic roots (Smith et al. 1988). In terrestrial plants, metabolic shifts and changes 79 

in energy availability under hypoxia and anoxia may also impair ion transport across the root 80 

membrane, potentially making roots more susceptible to leakage (Rittenhouse and Hale 1971; 81 

Shabala et al. 2014). Thus, for seagrasses, continuous and fluctuating reductions in light 82 

availability can be expected to both directly and indirectly influence the composition and/or 83 

quantity of root exudates and overall release of dissolved organic carbon (DOC) and dissolved 84 

organic matter (DOM) into the rhizosphere. However, the quantities and composition of root 85 

exudates produced by seagrass and how these may vary among species and in response to 86 

changing environmental conditions, are largely unknown. As exudates are considered essential to 87 

microbial metabolism and for nutrient regeneration in sediments, disentangling the differential 88 

belowground responses among species to a range of light conditions is fundamental to appraising 89 

their vulnerability to activities that are likely to reduce light and impact seagrass ecosystems. 90 

This study sought to determine whether the rate of production and composition of root exudates 91 

of three tropical seagrasses, Cymodocea serrulata, Halophila ovalis and Halodule uninervis, are 92 

impacted by continuous and fluctuating reductions in light availability. We also sought to assess 93 

capacity of these three species to recover from stress associated with low light. All three species 94 

are considered colonising and fast-growing seagrasses with a rapid ability to recover following 95 

light stress relative to larger longer lived temperate seagrass species (e.g. Posidonia spp.) 96 

(Kilminster et al. 2015). However, of the three species, Halophila ovalis is considered to have 97 

the lowest physiological resistance to disturbance, but the fastest ability to recover, followed by 98 
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Halodule uninervis and lastly Cymodocea serrulata (Kilminster et al. 2015). Given the 99 

differences in their response and recovery to disturbance, we expected that the rate and 100 

composition of root exudation would be altered by declines in light availability, both under 101 

continuous and fluctuating treatments, and that the response and recovery in root exudation 102 

would be species specific.  103 

Methods 104 

Site description, seagrass collection and mesocosms 105 

Seagrass species were collected from Useless Loop in Shark Bay, Western Australia, in May 106 

2015 (-26°07' S 113°24' E). Shark Bay is a shallow subtropical embayment partly separated from 107 

the Indian Ocean by extensive sand banks and has a characteristic hyper-salinity gradient that 108 

ranges from ~36 psu in the north to 50-60 psu in the south (Kendrick et al. 2012). 109 

Ramets with apical shoots of Cymodocea serrulata, Halophila ovalis and Halodule uninervis 110 

were collected using SCUBA from depths of between 2 and 5 m. Plants were kept in insulated 111 

boxes under constant aeration and transported back to aquaculture facilities at The University of 112 

Western Australia in Perth, 850 km south of Shark Bay. Seagrasses were pruned to five shoots 113 

and all roots removed to ensure new root growth and to avoid necrosis before being planted into 114 

pots submerged in 1,800 L tanks. As these species naturally grow as a mixed meadow in the 115 

sampling site, three replicates of each species were planted into each pot to emulate a mixed 116 

meadow (i.e., nine plants per pot). Siliceous river sand mixed with 1.5 % dry weight of beach 117 

wrack (dried and ground seagrass leaves) was used as the seagrass sediment as this has been 118 

previously shown to benefit the growth of seagrass seedlings (Statton et al. 2013). The sediment 119 

had a CaCO3 content of 3.33 %, a porosity of 46.36 % and a bulk density of 1.52 g cm-3. A 120 
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composite sample of sediment taken from all treatments at the end of the experiment contained 1 121 

mg kg-1 of NH4-N and < 1 mg kg-1 of NO3-N, < 1 mg kg-1 of bicarbonate-extractable P and 136 122 

mg kg-1 of bicarbonate-extractable K, 274 mg kg-1 of KCl-extractable S and 0.11 % organic C 123 

(analysed by Wesfarmers Chemicals Energy & Fertilisers; Bibra Lake, WA).  124 

Each tank operated as a separate recirculating system with filtered (25 µm) seawater (~35 psu) 125 

and was held at a constant temperature of 26 °C. One quarter of the seawater in each tank was 126 

exchanged every two weeks throughout the experimental period to prevent carbon or nutrient 127 

limitation to seagrass growth. Plants were acclimated to tank conditions for two months (May-128 

June; start of austral winter) prior to commencement of the experiment. 129 

Experimental design  130 

To test the effect of continuous and fluctuating light reduction on root exudation, we 131 

implemented a factorial design consisting of three species grown under four light treatments (full 132 

continuous light of 8 moles photons m-2 day-1, medium continuous light of ~ 4 moles photons m-2 133 

day-1, low continuous light of ~ 2 moles photons m-2 day-1, and fluctuating light applied as a 134 

repeated sequence of 10 days at low light followed by four days at full light, Table 1). Light 135 

treatments were imposed using ambient light and shade cloth that covered the tanks. Each 136 

treatment-species combination was replicated six times. Half of the plants (three replicates) were 137 

harvested six weeks after the commencement of the light treatments (impact) and the remaining 138 

half at four weeks after shade cloths had been removed and light levels returned to full 139 

continuous light (recovery). Light levels were monitored throughout the experiment using 140 

photosynthetically active radiation (PAR) cosine collectors (Onset Hobo PAR sensors attached 141 

to a HOBO micro-station logger).  142 
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(Table 1) 143 

Root exudate collection  144 

Root exudates were collected at each harvest. Plants were first removed from the sediment and 145 

the roots gently washed clean of adhering sediment particles using a sterile artificial seawater 146 

solution (~ 35 psu). The roots were then threaded through small holes in a polyethylene barrier to 147 

separate them from rhizome and shoot tissue, and placed in 50 mL of filtered sterilized artificial 148 

seawater trap solution (~ 35 psu) for a total of 20 minutes (Fig. 1). This exudate collection 149 

method was based on trap solutions employed in terrestrial plant literature where exudates are 150 

collected over one to six hours (Tu et al. 2004; Neumann et al. 2009; Wu et al. 2012). We 151 

modified this method for use in seawater (to prevent osmotic shock) and shortened the 152 

incubation time to 20 minutes to ensure sufficient quantity of root exudates while limiting 153 

microbial degradation of exudates as well plant physiological changes (Fig. 1). See 154 

Supplementary information for composition of the artificial seawater trap solution and 155 

photographs of the exudate collection set-up. The entire trap solution was filtered through a 0.2 156 

µm syringe filter and stored at 4 °C. Plants were then separated into shoots and roots, dried at 60 157 

° C for 72 hours and weighed.   158 

(Fig. 1) 159 

Characterisation of root exudates 160 

The trap solution was analysed for dissolved organic carbon (DOC), total dissolved nitrogen 161 

(TDN) concentrations and dissolved organic matter (DOM) fluorescence within two weeks of 162 

collection. Concentrations of DOC and TDN in the trap solution were determined by high 163 

temperature catalytic oxidation on a Shimadzu TOC-V total carbon and total nitrogen analyser 164 
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(Shimadzu, Columbia, Maryland, USA). Samples were first acidified with HCl and 165 

concentrations were determined using an eight point calibration curve with a DOC and TDN 166 

standard. A blank and standard check was performed every 20 samples. All DOC and TDN 167 

concentrations are the mean of between three and five replicate injections that had a variance of 168 

< 3 %. 169 

Fluorescence excitation-emission matrix (EEM) spectroscopy in combination with parallel factor 170 

analysis (PARAFAC) was used to determine chemical characteristics of the dissolved organic 171 

matter (DOM) in the trap solution. PARAFAC-EEM allows the identification of particular 172 

fluorophores in a mixture (e.g. humic or fulvic compounds, tyrosine and tryptophan) based on 173 

peaks in fluorescence intensity (Stedmon and Bro 2008; Murphy et al. 2013). Samples were first 174 

warmed to room temperature and absorbance measured at 254 nm within a 1 cm quartz cuvette. 175 

Samples were diluted when optical density was > 0.05 nm to correct for inner filter effects 176 

(Green and Blough 1994). Fluorescence EEMs were measured and recorded using a Varian Cary 177 

Eclipse fluorometer (Varian Inc., Mulgrave, VIC, Australia). Fluorescence intensity was 178 

measured across emission wavelengths ranging from 300 to 600 nm (2 nm increments) and 179 

excitation wavelengths ranging from 240 to 540 nm (5 nm increments). Excitation and emission 180 

slit widths were 5 nm and the photomultiplier tube voltage was set to 725 V. All EEMs were 181 

blank subtracted and Ramen normalised, using the area under the water Ramen peak at the 182 

excitation wavelength of 350 nm for the blank artificial seawater solution. EEMs were also 183 

corrected for instrument bias using files provided by Varian, and normalised by their maximum 184 

fluorescence values prior to PARAFAC modelling to reduce the influence of highly concentrated 185 

samples. PARAFAC was used to model major components of EEMs using the DOMFluor 186 

toolbox (version 1.7) and the N-way Toolbox (version 3.1) in MATLAB (version 8.5.0.197613) 187 
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following procedures outlined in Stedmon and Bro (2008). The total number of EEMs used in 188 

the model was 104, each representing a single sample. A split-half analysis validated PARAFAC 189 

model identified a total of five fluorescent components. These components are reported as 190 

maximum fluorescence intensity of each component (Fmax) in each sample, at the same scale as 191 

the original EEMs (Raman Units). 192 

Data analysis 193 

The main effects of light treatment on seagrass biomass (root and shoot) were evaluated 194 

individually for each seagrass species per harvest period using a one-way ANOVA with tank 195 

position included as a blocking term. The main effects of light treatment on root exudates (DOC, 196 

TDN, and PARAFAC components) were evaluated at each of the harvest times with a two-way 197 

ANOVA, where light treatment and species (and their possible interaction) were treated as fixed 198 

factors, and tank position included as a blocking term. Tukey’s HSD tests were performed to 199 

determine which of the means were significantly different when significant main effects were 200 

found. Data were log or square root transformed to achieve normality when required. All 201 

statistical analysis were carried out in R studio (version 0.99.902). 202 

 203 

Results 204 

Seagrass biomass response and recovery to light treatments 205 

In general, root biomass of all three seagrass species was lower when grown in reduced light 206 

compared to the full light control (Fig. 2). With the exception of the species Halodule uninervis, 207 

plants that were grown at the lowest light treatment (L) showed the greatest reduction in root 208 



10 
 

biomass (Fig. 2). In contrast, shoot biomass was only reduced in the low light treatment for H. 209 

uninervis, and this only occurred at the end of the recovery period (Fig. 2).  210 

The low root biomass observed in all species under low and fluctuating light persisted after the 211 

recovery phase, although the moderate light treatments did not differ from the control (Fig. 2).  212 

(Fig. 2) 213 

Root exudate response and recovery to light treatments 214 

Rate of root exudation of DOC increased in all seagrass species when grown under fluctuating 215 

light compared to the full light control (combined least square mean 15.70 mg DOC g root-1 hour-216 

1 in fluctuating light and 4.64 mg DOC g root-1 hour-1 in full light, Fig. 3a). Root exudation of 217 

TDN also increased in continuous low light (L) and fluctuating light (Fluc) for both H. ovalis 218 

and H. uninervis compared to the full light control (C) (Fig. 3c). In contrast, exudation of TDN 219 

was unchanged by light availability for C. serrulata (Fig. 3c).  220 

Once plants from all light treatments were exposed to full light (after the four-week recovery 221 

phase), both C. serrulata and H. uninervis had recovered, as exudation of DOC and TDN was 222 

not different to the control (Fig. 3b, Fig 3d). In contrast, H. ovalis continued to exude a higher 223 

rate of DOC and TDN from the lowest light treatment (L), where exudation rates of both DOC 224 

and TDN were double the rate of the full light controls (Fig. 3b, Fig. 3d).  225 

(Fig. 3) 226 

A total of five fluorescent components were validated from the PARAFAC model. These 227 

fluorescent components are numbered C1 to C5 in order of their contribution to the total 228 

fluorescence intensity from all samples (Fig. 4). Peak emission and peak excitation spectra of 229 



11 
 

components C1 and C3 in this study agree with emission-excitation spectra of components 230 

previously characterised as tyrosine-like and tryptophan-like, respectively (Table 2). Peak 231 

emission and excitation of components C2 and C4 in this study correspond with components 232 

previously characterised as humic-like components (Table 2). All seagrass root exudates were 233 

dominated by protein-like fluorescence (predominantly tyrosine-like [C1] in this study).  234 

(Fig. 4) 235 

(Table 2) 236 

As expected, light availability had a significant effect on all fluorescent components present in 237 

the root exudates, although responses varied among species (Fig. 5). Most notably, exudation of 238 

protein-like DOM (C1 and C3) and humic-like DOM (C2 and C4) increased in fluctuating light 239 

for all seagrass species as compared to the control (Fig. 5a, Fig. 5c). However, by the end of the 240 

light recovery period, both C. serrulata and H. uninervis exudation of protein-like DOM was not 241 

different to the control (Fig. 5b). In contrast, H. ovalis continued to exude a higher rate of 242 

protein-like DOM from the lowest light treatment (L) (Fig. 5b). Following the recovery period, 243 

the exudation rate of humic-like DOM had increased in H. ovalis and H. uninervis from the 244 

continuous low light treatment (L) and fluctuating light (Fluc) relative to the full light control 245 

(Fig. 5d).  246 

Seagrasses also differed in the relative concentration of components. Both H. ovalis and H. 247 

uninervis exuded more protein-like DOM on average than C. serrulata (Fig. 5a, Fig. 5b). 248 

However, exudation of component C5 by C. serrulata was ten to 15 fold higher than for either H. 249 

ovalis or H. uninervis.   250 

(Fig. 5) 251 
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 252 

Discussion 253 

The present study demonstrates that fluctuating light environments, typical of dredging and 254 

flooding events, may significantly alter the transfer of carbon and nitrogen from seagrasses to 255 

sediments through an increase in the amount, and a change in the composition, of root exudates. 256 

This study also suggests that continuous reductions in light of ~ 2 moles photons m-2 day-1 may 257 

increase exudation of nitrogen and/or proteins for seagrass species that are most susceptible to 258 

light reduction. These findings have important implications for understanding potential flow-on 259 

effects of aboveground stressors to the belowground environment, and the subsequent alterations 260 

to biogeochemical cycling in the rhizosphere.  261 

Seagrass response and recovery to fluctuating and continuous low light conditions  262 

We found that a fluctuating light environment not only negatively impacted root biomass, but 263 

also promoted an increase in root exudation of DOC, protein-like and humic-like DOM 264 

compared to continuous full light in three tropical colonizing seagrass species. Increased root 265 

exudation after exposure to fluctuating light may be attributable to increased ‘leakiness’ from 266 

disrupted root membrane integrity and/or greater exudation of toxic metabolites (e.g. ethanol, 267 

lactic acid) due to tissue anaerobis that may have occurred on the low light days (Smith et al. 268 

1988; Shabala et al. 2014). Another explanation is that root exudation may have increased during 269 

the shorter full light periods to enhance nutrient acquisition when light and carbon were no 270 

longer limiting, i.e. as an adaptive seagrass response to sudden increases in light availability. The 271 

effect of root exudation on mineral acquisition by seagrasses could be direct (e.g., P mobilisation 272 
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caused by organic anions) or indirect via stimulation of the rhizosphere microbial communities 273 

to enhance nutrient mineralization in the sediment (Long et al. 2008).   274 

We also observed that the increased exudation of DOC and protein-like components under 275 

fluctuating light for all species had returned to the levels found in the full light controls after four 276 

weeks of recovery. This suggests that the increase in exudation in response to fluctuating light is 277 

not an irreversible phenomenon and that recovery (i.e. a decrease in exudation back to that found 278 

in the full light controls) is relatively rapid. In contrast, a continuous light reduction of ~ 2 moles 279 

photons m-2 day-1 also increased the rate of root exuded TDN and protein-like components for H. 280 

uninervis and, in particular, for H. ovalis. This increased rate of exudation continued for H. 281 

ovalis even after the four weeks of light recovery, suggesting that exudation most likely related 282 

to root death and/or a complete loss of membrane integrity. This indicates that H. ovalis is the 283 

most susceptible to prolonged reductions in light of the three species investigated.  284 

We also observed that the exudation of humic-like components increased in the recovery phase 285 

of plants previously impacted by continuous low light as well as the fluctuating light treatment. 286 

Humic substances present in terrestrial soils, particularly those rich in phenolic and carboxyl 287 

groups, can induce plant growth, promoting effects such as increases in lateral root emergence, 288 

root hair density and length, and N uptake and metabolism (Piccolo et al. 1992; Panuccio et al. 289 

2001; Canellas and Olivares 2014). Thus, the seagrass species in our study may have been 290 

actively exuding humic substances in response to switching from C limitation to N and P 291 

limitation. However, it is also possible that humic compounds were not actively exuded by roots, 292 

but were instead derived from border cells and other cellular debris as the roots re-grew and/or 293 

changed root morphology in response to the increased light availability during the recovery 294 

phase. We also caution that our measures of root exudation were taken from roots that were not 295 
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sterile and hence a portion of these exudates will likely have been derived from microbial 296 

organisms living on the root surface. In view of this, the estimates of root exudation presented in 297 

this study are the net of root + microbial exudation and possible degradation. Regardless of the 298 

direct source, the link between humic compounds and plant growth promotion is intriguing and 299 

future work should investigate the occurrence and characterisation of humic substances in natural 300 

seagrass sediments.  301 

Root exudation of seagrass is species specific 302 

The three seagrass species investigated, C. serrulata, H. ovalis and H. uninervis, differed in both 303 

their exudation rates and composition. With the exception of component C5, H. ovalis and H. 304 

uninervis exuded DOC, TDN and protein-like DOM at the highest rates. There is currently little 305 

available information about either the composition or rates of root exudation of seagrasses. Using 306 

stable isotope labels in a two-compartment system where the roots were grown separately from 307 

the shoots, Holmer et al. (2001) reported exudation rates to be 22.7 ± 7.6 µmol DOC g-1 DW root 308 

h-1 in the tropical seagrass Cymodocea rotundata, but only 9.9 ± 4.5 µmol DOC g-1 DW root h-1 309 

for Thalassia hemprichii. In another study, Zostera marina was shown to release about 20 % of 310 

the NaH 14-CO3 fixed by its shoots from its roots during a four hour incubation; DOC release 311 

from roots decreased in the order of Zostera marina > Thalasia testudinum > Halodule wrightii 312 

(Wetzel and Penhale 1979). The observed differences in exudation rates among species may be 313 

related to differences in root anatomy. For example, root exudation in terrestrial plants is 314 

characteristically higher at the root tips and where roots are covered in dense hairs than in other 315 

parts of the root system (Shane and Lambers 2005; Badri and Vivanco 2009; Alegria Terrazas et 316 

al. 2016). In this study, H. uninervis and H. ovalis possessed numerous long root hairs. For H. 317 

ovalis these have previously been shown to increase root surface area by 215 % (Roberts 1993). 318 
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These root hairs adhered to the sediment enabling formation of a distinct rhizosheath. The higher 319 

rate of exudation by H. ovalis and H. uninervis could also be related to their faster growth rates 320 

and their allocation of a greater proportion of photosynthates to belowground processes 321 

compared to C. serrulata. These findings highlight that each of these species has the capacity to 322 

influence biogeochemical cycling to varying degrees, thus emphasising the complexities of 323 

sediment nutrient transfers that may be occurring in seagrass ecosystems composed of mixed 324 

meadow assemblages.    325 

The root exudates of all species in this study were dominated by tyrosine-like fluorescence (C1 326 

in this study). High protein-like fluorescence may be a characteristic of seagrass-derived DOM, 327 

as high tyrosine-like fluorescence has also been found in seagrass leachate, extracted pore-water 328 

of seagrass colonised sediments and surface waters where seagrasses were abundant (Wang et al. 329 

2014; Wagner et al. 2015; Ya et al. 2015). These protein-like components are believed to be 330 

highly bioavailable, allowing fast assimilation by microorganisms inhabiting the rhizosphere. 331 

However, assigning bioavailability to these compounds is not straightforward, as although they 332 

are highly correlated to TDN, the identities of the chemical moites contributing to the 333 

fluorescence are not known and they may not, in fact, be proteins. For example, small nitrogen-334 

free aromatic compounds (e.g., gallic acid) have also been found to fluoresce in this region, as 335 

well as hydrolysable tannins and carboxylic-rich alicyclic molecules (Maie et al. 2007; Stubbins 336 

et al. 2014; Kellerman et al. 2015). Microscopic evaluation of Cymodocea rotundata roots 337 

revealed the outer and inner cortex to contain tannin substances (Kuo and Hartog 2006). Hence, 338 

the component C5, which appears to be a particular component of C. serrulata, may be a 339 

fluorescent tannin or phenolic compound that is specific to this species. Further chemical 340 

characterisation of these compounds using techniques such as GC-MS and NMR spectroscopy 341 
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would help elucidate the identity of these compounds and determine their potential role in plant-342 

sediment interactions (e.g., potential P or Fe-mobilising compounds, or products of root 343 

anaerobis). 344 

Conclusion 345 

The present study demonstrates that decreased light availability in the water column can 346 

significantly impact root growth of seagrasses, but also carbon and nitrogen transfers to the 347 

rhizosphere via changes in root exudation. This is particularly true for fluctuating light 348 

environments with repeated shading events like those observed from floodwaters entering coastal 349 

marine environments, or from coastal construction, land reclamation and dredging. More 350 

information is needed to further characterise these exudates and to determine their role in plant-351 

sediment interactions. Nevertheless, this study highlights that root exudation is highly correlated 352 

to light availability for the tropical seagrasses C. serrulata, H. ovalis and H. uninervis, and that 353 

the belowground environment is particularly sensitive to reductions in light reaching the plant. 354 

Therefore, monitoring changes in root exudation should be further explored as a rapid indicator 355 

in assessing light stress and recovery in seagrasses.  356 
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Figures 511 

 512 

Figure 1. Schematic drawing of the exudate collector. The roots were threaded through small 513 

holes into the belowground chamber which contained 50 mL of sterile seawater solution where 514 

exudates that accumulated over 20 minutes were collected.  515 
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 516 

Figure 2. Shoot and root biomass for three species of seagrass grown for six weeks under four 517 

light treatments, control (C), medium (M), low (L) and fluctuating (Fluc) light (10 days low, 4 518 

days full) (impact period) followed by a four week full light recovery period (recovery period) 519 

(mean ± 1 s.e, n = 3). a = Cymodocea serrulata, b = Halophila ovalis, c = Halodule uninervis. 520 

The main effect of light treatment on biomass is indicated by the p value in each panel. Means 521 

shown to be different by post-hoc comparisons at p < 0.05 are indicated in each graph by a 522 

different lower case letter. 523 
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 524 

Figure 3. Rate of root exuded dissolved organic carbon (DOC) and total dissolved nitrogen 525 

(TDN) for three species of seagrass grown for six weeks under four light treatments, control (C), 526 

medium (M), low (L) and fluctuating (Fluc) light (10 days low, 4 days full) (impact period) 527 

followed by a four week full light recovery period (recovery period). Boxes indicate the least 528 

squares mean (n = 3). Error bars indicate the 95 % confidence interval of the least squares mean. 529 

a = rate of DOC exudation after light impact period, b = rate of DOC exudation after the 530 

recovery period, c = rate of TDN exudation after the light impact period, d = rate of TDN 531 

exudation after the recovery period. The main effect of light treatment, plant species and 532 

interaction is indicated by the * in each panel, where * = p < 0.05, ** = p < 0.01, *** = p < 533 

0.001, ns = not significant. Means shown to be different by post-hoc comparisons at p < 0.05 are 534 

indicated in each graph by a different lower case letter for interactions or upper case letter for 535 

main effects. 536 
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 537 

Figure 4. Excitation-emission spectra of five PARAFAC components (C1 – C5) of the seagrass 538 

root exudates (see Table 2 for the classification of the components). 539 

 540 
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Figure 5. Fmax of PARAFAC components for three species of seagrass grown for six weeks 541 

under four light treatments, control (C), medium (M), low (L) and fluctuating (Fluc) light (10 542 

days low, 4 days high) (impact period) followed by a four week high light recovery period (mean 543 

± 1 s.e, n = 3). cs = Cymodocea serrulata, ho = Halophila ovalis, hu = Halodule uninervis. 544 

Components have been classified as either protein-like (sum of C1 and C3; panel a and b) or 545 

humic-like (sum of C2 and C4; panel c and d), with C5 left unclassified (panel e and f). Boxes 546 

indicate the least squares mean (n = 3). Error bars indicate the 95 % confidence interval of the 547 

least squares means. The main effect of light treatment, plant species and interaction is indicated 548 

by the * in each panel, where * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = not significant. 549 

Means shown to be different by post-hoc comparisons at p < 0.05 are indicated in each graph by 550 

a different lower case letter for interactions or upper case letter for main effects. In the case 551 

where there was a significant main effect for both light and plant species, then the post-hoc 552 

comparisons for plant species are also indicated on the graph with lower case letters. The insert 553 

graph shows humic-like components on an adjusted scale for ease of comparison.  554 

 555 

 556 

 557 

 558 

 559 

 560 
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Table 1. Average daily photosynthetically active radiation (PAR) and total PAR in the four light 561 

treatments sampled at the end of the light impact phase and at the end of the light recovery 562 

phase. Average daily PAR (moles photons m-2 day-1) is the average daily PAR for the 563 

experimental phase (± 1 s.e) and total PAR (moles of photons) is the sum of light received during 564 

the experimental phase. Light levels had increased in the control by the recovery phase due to 565 

longer day lengths and higher light intensity with the oncoming Austral Spring.   566 

Harvest time PAR Control Medium Low Fluctuating 

Light impact         

(6 weeks) 

 

Average daily 

PAR  

8.76 (0.41) 3.91 (0.24) 2.23 (0.27) 3.84 (0.61) 

Total PAR  368 164 94 161 

Light recovery 

(6 weeks + 4 

weeks 

recovery) 

Average daily 

PAR  

14.01 (0.66) 14.87 

(0.69) 

12.62 

(0.59) 

13.68 (0.65) 

Total PAR  392 416 353 383 

 567 

 568 

 569 

 570 

 571 

 572 

 573 
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Table 2. Classification of the five components validated from the PARAFAC model (C1-C5) in 574 

this study based on published excitation/emission values for previously characterised 575 

components.   576 

Component Peak 

excitation 

(nm) in 

this study 

Peak 

emission 

(nm) in this 

study 

Peak 

excitation 

(nm) 

Peak 

emission 

(nm) 

Classification 

C1 265-275 300-312 270 300-305 Tyrosine 

like1,2,3,4 

C2 240-250 

(295-

315)* 

395-425 

(395-425) 

< 250 (290-

325) 

380-420 

(425) 

Humic-like, 

common in 

marine1,2,3  

C3 270-280 330-365 270-280 330-368 Tryptophan-

like1,2,3 

C4 240-250 

(365-385) 

460-495 

(460-490) 

237-260 

(370) 

400-500 Humic-like1,2,3,4 

C5 250-265 325-345 241  350 Possibly 

phenolic acids, 

but largely 

unclassified1,5 

*numbers in parenthesise are for a second smaller peak.  577 

1 = Jørgensen et al  (2011) 578 

2 = Fellman et al. (2010) 579 

3 = Murphy et al. (2008) 580 
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4 = Yamashita et al. (2008) 581 

5 = Airado-Rodŕiguez et al. (2009) 582 
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