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Highlights

We performed chronic exposures of two seagrassespcthe herbicide diuron

Diuron affected photosystem Il (PSII) at 0.3 ffgahd growth at 7.2 pg'|

Biomarkers indicated that carbon-assimilation framotosynthesis dropped following 0.6 pg
It diuron exposure

Energetic reserves in the seagrass were halved agll* after 11 weeks

Chronic exposure to diuron is likely to enhanceithpacts of low light stress during flood
plumes

Abstract

Photosystem Il herbicides from agricultural sourtage been detected throughout nearshore
tropical habitats including seagrass meadows. &8Il herbicides have been shown to
inhibit growth in microalgae at low concentratioti® potential impacts of chronic low
concentration exposures to seagrass health andighawe not been investigated. Here we
exposed two tropical seagrass spekialodule uninervis andZostera muelleri to elevated
diuron concentrations (from 0.3 to 7.2 [fyy bver a 79-day period followed by a 2-week
recovery period in uncontaminated seawater. PAMrémetry demonstrated rapid effect of
diuron on photosystem Il (PSll) in both seagrassigs at 0.3 ug' This effect included
significant inhibition of photosynthetic efficienF/F,’) and inactivation of PSII ({Fy)
over the 11 week exposure period. Significant nlitytand reductions in growth was only
observed at the highest exposure concentratior2qid I' diuron. However, biochemical
indicators demonstrated that the health of seagféessthis prolonged exposure was
significantly compromised at lower concentratidhst example, the drop in C:N ratios (0.6
ng ) and reduced™®c (1.7 ugt) in seagrass leaves indicated reduced C-assiamilétim
photosynthesis. Critically, the energetic resenfabe plants (as measured by starch content
in the root-rhizome complex) were approximatelypdlfollowing diuron exposure at and
above 1.7 pugl. During the 2-week recovery period, the photosgtithcapacity of the
seagrass improved with only plants from the higdasgton treatment still exhibiting chronic
damage to PSII. This study shows that, althougbrasa may survive prolonged herbicide
exposures, concentrations).6 pg I* diuron equivalents cause measureable impacts on
energetic status that may leave the plants vulihetalother simultaneous stressors. For
example, tropical seagrasses have been heavilyctegbay reduced light from coastal flood
plumes and the effects on plant energetics froft lignitation and diuron exposure (highest
in flood plumes) are very similar, potentially I&agito cumulative negative effects.



1. Introduction

1.1. Developmental pressures on tropical coastal ecosystems

By 2050 more than half of the global populatioexpected to live in the tropics (State of the
Tropics, 2014), increasing the risk of coastal aomhation with agrochemicals (Lacher and
Goldstein, 1997). The Great Barrier Reef (GBR)ris of the best studied tropical coastal
zones extending over 2000 km along the coast dheast Australia. Its ecological
significance at a global scale is acknowledgedutinats World Heritage listing; however

the ecosystem services provided by the GBR ardrioakly linked to those of its adjacent
catchments (Stoeckl et al., 2011). Pollutantsrergehe GBR lagoon are predominantly
catchment-derived and arise from economically irtgpdrland-uses, such as grazing and
agriculture crops (Bartley et al., 2014; Waterhoeitsal., 2012).

1.2. Herbicides and the Great Barrier Reef

Herbicide usage within GBR catchments has increbgeg to 7-fold in recent decades
(Lewis et al., 2009) and it is estimated that @000 kg of herbicides are introduced each
year to the GBR via agricultural run-off (Kroonadt, 2012). Photosystem Il (PSII)
herbicides including diuron and atrazine are thetfrequently detected in the GBR lagoon
(Lewis et al., 2009; Shaw et al., 2010; Smith et2012). This class of herbicide acts by
binding to the D1 protein of photosystem Il inhibg electron flow, which in turn, limits
carbon fixation in plants (Oettmeier, 1992). PSdtbicides are applied in crops and
horticulture to target grass weeds often priordaqas of irrigation or rainfall which can in
turn lead to concentrations of up to 8™ diuron in creeks that flush into the GBR (Davis
et al., 2013). Concentrations of PSII herbicidésiw the coastal zone of the GBR lagoon
can exceed 1 ug'l (Lewis et al., 2009; Lewis et al., 2012), higtean GBR guideline
values (GBRMPA, 2010). Since D1 is a highly comedrprotein (i.e. it has been retained
despite speciation), PSII herbicides also affecttanget organisms including marine
phototrophs, such as seagrasses (Flores et aB; Baynes et al., 2000; Macinnis-Ng and
Ralph, 2004).

1.3. Seagrasses and herbicides

Highly productive and ecologically important seagracosystems have become threatened
globally due to increasing anthropogenic press(@eth et al., 2006; Waycott et al., 2009).
One of the key pressures on seagrasses and otiterdxEpecies in tropical systems is severe
light limitation for primary productivity caused Ilye large amounts of suspended solids
delivered during the heavy rainfall periods in suenmmonths (Collier et al., 2012a; Fabricius
et al., 2014). PSII herbicides can also limit @ignproduction in seagrass by reducing
photosynthetic efficiency and/or causing damage3d (Flores et al., 2013; Haynes et al.,
2000; Ralph, 2000; Seery et al., 2006). Sinceitieldexposure peaks during flood periods
(Lewis et al., 2009; Smith et al., 2012) there mumting concern that persistent low
concentrations of PSII herbicides in nearshore msaitEthe GBR may contribute to seagrass
decline (Waterhouse et al., 2012; Waterhouse ,2@L3).

The effects of diuron on the photosynthetic capatfiseagrass can be measured at
concentrations of 0.1 to 0.5 p{(Chesworth et al., 2004; Flores et al., 2013; Haeteal.,
2000; Macinnis-Ng and Ralph, 2004; Ralph, 2000)cktdgan be found in the GBR lagoon
(Lewis et al., 2009; Lewis et al., 2012; Smithlet2012). The most sensitive indicator for
PSII herbicide effects acts are measurements dbpiuathetic condition made using pulse
amplitude modulation (PAM) fluorometry. In partiauthe inhibition of effective quantum
yield of PSIl AF/F,") and maximum quantum yield {Fy) by herbicides that target PSII are



highly responsive and biologically meaningful asytindicate reduction in the
photosynthetic capacity and efficiency of the plahich can have flow-on effects to plant
energetics and health (Gao et al., 2011; Ralph,&2@)7e). In light-limiting scenarios the
effect of PSII herbicides is to severely limit canlfixation (Johnson and Bird, 1995), while
in high irradiance scenarios the blocking of el@ctiransport pathways by PSII herbicides
increases oxygen radical formation, causing adwilichronic photoinhibition and damage to
PSII (Genty et al., 1989; Osmond et al., 1999; Ralpd Burchett, 1995). Limited data also
suggests that growth in seagrass seedlings (Gag 2011) and mature plants (Johnson and
Bird, 1995; Mitchell, 1987) can be significantlydieced by chronic exposures of atrazine.
Plant-scale impacts, such as reductions in gromthadbundance, have flow-on effects that
could diminish their ecological function as produetsources of food, habitat and as nutrient
sinks.

The acute sensitivity of photophysiological proessim seagrass to PSII herbicides is similar
to that of tropical microalgae and corals (Florealg 2013). While exposure of microalgae
to PSII herbicides leads to proportional reductionsF/F,’ and growth (Magnusson et al.,
2008), similar relationships for chronic seagragsosure require further elucidation. Since
the primary impacts of light and PSII herbicide esyre both centre on the function of PSII
and the flow-on effects from reduced photosynth€tiacorporation, we assessed the chronic
impacts of diuron exposure on seagrass under medéaght conditions expected in flood
plumes. A set of biomarkers was assessed to lin#tyativity declines in a long-term
experimental exposure of seagrasses to diuron€TgbClarifying the associations between
these impacts represents an important step towadstanding the potential chronic
effects of PSII herbicides on the health of seagnasadows. It also provides insight into the
likely cumulative effects of the co-occurring ssess, herbicides and low light.

2. Methods

2.1. Experimental approach

In the present study we exposed two tropical ssagpecies to four elevated concentrations
of diuron. The plants were potted in natural sestite with the exposure conducted under
continuous flow-through conditions for 11 weeksldaed by a two week recovery period in
uncontaminated water (the sediments were not retlewkhe photosynthetic performances
of plants were assessed throughout the exposurg B&iM fluorometry while other
biomarkers and growth were assessed at the eiheé efkposure period. The biomarkers used
to assess the chronic effects of diuron are outlinél'able 1. The stress response caused by
low light is described, as well as known or preglictesponses to diuron for these
biomarkers. Herbicide exposure was expected tataf81l and pigments in seagrasses in the
opposite manner to low light stress. However, ak lmw light and diuron result in lower
energetic surplus, the flow-on effects at the pkatle could be similar.

2.2. Plant collection

Halodule uninervis Ascherson (Cymodoceaceae) is a tropical seagoasges distributed
throughout the Indo-West Pacific addstera muelleri Irmisch ex Ascherson (Zosteraceae),
(synZostera capricorni) is a tropical to temperate species found in Aalistand New

Zealand (Waycott et al., 2004). Both occur in nedistern Australia and the Great Barrier
Reef (GBR)H. uninervis andZ. muelleri were collected from intertidal seagrass beds (¥1 m



from Cockle Bay, Magnetic Island (19° 10.88'S, 146°63’E) and Pelican Banks,
Gladstone, Australia (23° 46.005’S, 151° 18.052iE$pectivelyH. uninervis andZ.

muelleri plants were collected using a hand trowel, sealguastic bags with seawater and
placed into 10 cm-diameter plastic pots for tramsfmthe Australian Institute of Marine
Science (AIMS) in Townsville, Australia.

Sixty pots of each dfl. uninervis andZ. muelleri were maintained in outdoor aquaria (1000
) with flow-through filtered seawater (5 pm) und€%o shading (maximum 350 pmol
photons rif s1), ambient temperature (23-25°C) and salinity aB83SU. Plants were
transferred into indoor flow-through experimentaiks and allowed to acclimate for at least
one week before experimentation. Prior to expertatean,Z. muelleri andH. uninervis

plants (with approximately 20 shoots each) werplagsted with a mixture of their original
sediment and silica beach saddmuelleri were planted into 700 ml plastic pots (10 cm
diameter; 9.5 cm deep) modified with 2 cm holes fitibed with pool skimmer socks while

H. uninervis plants were re-planted into 1000 ml plastic expental units (16 x 12.5 cm, 5.5
cm depth) and fitted with skimmer socks. The ppe¢sireflected surface space needed for
growth of each species, while the holes and skinsoeks allowed some water exchange
through the sediment.

2.3 Experimental design

The potted plants were placed into 16 | glass aguwath flow-through 1-pm filtered
seawater under gentle aeration. Plants were illatachover 12 h cycles (Aqua lllumination
LED), ramping up for the first two hours to 3883 pmol photons hs® then down to
darkness over the last two hours. Temperaturewaastained at 25.5 £ 1.5°C and salinity at
34.6 + 0.8 PSU.

Diuron stock solutions (5 mg) were prepared in Milli-Q ultrapure water using 8.03%

w/w solvent carrier ethanol. Seagrasses were egdosé concentrations of diuron, along
with a solvent carrier control (see below). Diusas delivered from 240 | stock tanks to the
experimental tanks using a 2400 idump (Eheim 1260) attached to a timer to pulse
treatment concentrations (6 sec every 6 min, apdrd@ ml) into the treatment tanks for a
turnover rate of approximately 1.5 times a day.

Four independent replicate tanks were used for darhbn treatment and each tank
contained three pots of each seagrass speciesnohfieal concentrations used for the
present study were chosen from results obtainéukeistudy by Flores et al. (2013) whereby
diuron concentrations of 0.5, 0.9, 2.4 and 10 highibited chlorophyll fluorescence f.
uninervis by ~10, 20, 50 and 80%, respectively. Water sasnf@anl) were taken from

within the experimental tanks (n = 4 replicate t&atdken at 3, 7 and 77 days) to quantify
treatment concentrations. Herbicide analysis foldwhe procedure used in Flores et al
(2013). Measured diuron concentrations in the tigatment levels (n = 4 replicate tanks
taken at 3, 7 and 77 days) were 0 i¢solvent control, below the limit of reporting -08

ng M), 0.33 £0.02 pg, 0.55 + 0.07 ugl, 1.65 + 0.17 ugiand 7.16 + 0.57 pg'l
corresponding to a control concentration of < 0.ZaM treatments of 1.42 £ 0.09nM, 2.4 £
0.3nM and 7.1 £ 0.7nm and 31 = 2nM. Exposure toatidasted for 79 days plus a 2 week



recovery where there was a complete exchangeaifrient water for clean seawater (no
herbicide).

2.4. Chlorophyll fluorescence

Chlorophyll a fluorescence measurements (effecientum yield AF/F’r,and maximum
guantum vyield, {#Fy,) were taken just prior to the start of exposure aindays 3, 7, 27, 57,

77 of exposure, then after 14 days of recoveryncontaminated water using a pulse
amplitude modulated chlorophyll fluorometer (miniMAWalz, Germany). Measurements
were obtained by placing a 2 mm fibre-optic probgopndicular to the surface of the
seagrass leaf. One measurement per leaf on &slgay pot (n= 60 replicate leaves per
species per treatment) was taken in the middléssect the leaf, approximately 10 to 20 mm
upwards from the sheath. Measurements were magl@oriiealthy, young, non-senescent
leaves. Minimum fluorescence (F in illuminated sées@nd & in dark-adapted samples)
was determined by applying a weak pulse-moduladdmreasuring light (650 nm, 0.15 pumol
photons rifs?). To quantify light adapted maximum fluorescerfgg)( a short pulse (800
ms) of saturating actinic light (>30@@nol photons nis*) was applied. The effective
guantum yield in an illuminated plamK/F,’, Eg. 1) provides an estimate of the efficiency
of photochemical energy conversion within PSII uralgiven light intensity (Genty et al.,
1989). The reversible binding of PSII herbicidesh® D1 protein in PSII results in an acute
and temporary reduction iF/F,’ (Jones and Kerswell, 2003)

AF/Fy = (Fn' = F) | Ry Eqg. 1

The maximum quantum yield {#,) is equivalent to the proportion of light used for
photosynthesis by chlorophyll when all reactiontocehare open (Genty et al., 1989) and
reductions in iR, indicate inactivation and/or photo-oxidative damag PSII (chronic
photoinhibition) (Schreiber, 2004). In the pressnidy, seagrass was dark adapted for 30 min
and i and i, measured in the same fashion as F gfidd=derive maximum quantum yields
as per Eq. 2:

Fv/Fm:(Fm—FO)/Fm Eq. 2

The inhibition ofAF/F, and R/Fn, due to the binding of herbicides or damage tdhe
protein in PSII (Osmond et al., 1999) was calcdaecording to Eq. 3:

|nh|b|t|0n (%) = ((Yield:ontr(ﬂ_ YieIdTreatmen) / YieIdCOntr()D X 100 Eq. 3

Rapid light curves (RLC) were measured after 24 ddydiuron exposure on one random
leaf from eacHH. uninervis andZ. muelleri pot (n= 12 replicate leaves per species per



treatment) using a mini-PAM fluorometer, where #aéinic irradiance was incremented in
eight steps covering 1 - 700 pmol photon$sh. Measurements were made on young, non-
senescent leaves, 10-20 mm from the top of theslezdith. Relative electron transport rate
(rETR) was calculated according to Eq. 4:

rETR =AF/Fy’ X PAR Eq. 4

which is the product of the effective quantum yieldthe actinic irradiance
(photosynthetically active radiation, PAR) from iheernal halogen lamp of the mini-PAM
(calibrated with a Li-cor quantum sensor [Li-Comdtoln, NE, USA]). This is considered a
relative ETR (rETR) since leaf absorptance wagdirectly measured. rETR was plotted
against irradiance, and photosynthetic rajerfiaximum relative electron transport rate
(rETRmay and minimum saturating irradiandg) were calculated by fitting the hyperbolic
tangent model by Jassby and Platt (1976).

2.5. Biochemistry: Carbon-to-nitrogen ratio, stable isotope ratios and carbohydrates

At the end of the exposure period, at least fiveosh per pot per tank of each species were
removed, washed free of sediment and epiphytesplaeed at -20°C for later analysis.
Samples from within each treatment tank were pofilednalysis (n = 4 per treatment).
Shoots were then separated into two categoriesreatpmund (leaves) and below-ground
(rhizomes and roots) samples. Samples were fregzeé-fr 48 h and ground finely in a mini
bead beater (BioSpec Products, Inc, USA). Abovengtiaand below-ground samples were
analysed for carbon-to-nitrogen ratio (C:B°C ands*°N. Below-ground samples were
additionally analysed for carbohydrates.

A stable isotope ratio mass spectrometer (Therraotiin Corporation Delta V Advantage),
operating as continuous-flow coupled to an elenm@malyser (FlashEA 1112 HT O/H-N/C)
which is interfaced to the mass spectrometer viat@tligence interface (Finnigan Conflo
Ill), was used to analyse for C:B°C ands™®N. Normalisation was performed based on
international standards provided by NIST & IAEA (iaal Institute of Standards and
Technology and International Atomic Energy Agen&tarch was extracted and quantified
as per Collier et al. (2012b).

2.6. Pigments

At the end of the diuron exposure one leaf fromhgaat (n = 12 per treatment) was sampled
for pigment analysis. The portion of the leaf tvas analysed originated from the top of the
sheath to approximately 1 cm in length. This wasrtsure the same part of the leaf was
analysed for all treatments. Leaves were snapiiroz&quid nitrogen and stored at -80°C
for further analysis. Samples were extracted twideuffered methanol (98:2 MeOH:0.5M
tetrabutylammonium acetate pH 6.5) and pigmentg weparated as per the protocol in
Uthicke et al. (2012). Standards were obtained fieeninternational Agency fdfC
Determination (DHI, Denmark) and calibration curvesre prepared and run at the same
conditions. The peaks were identified by comparisbretention times (Wright and Jeffrey



1997) and PDA spectral confirmation and quantifisthg the calibration curves. Pigment
concentrations were normalised to leaf wet weight.

2.7. Growth and mortality

Leaf extension was measured at five time pointggd4, 28, 55, 76, 92), including once
during the recovery period. A 25-gauge syringe tee@s used to puncture the leaves (3-5
leaves per pot) directly above the leaf sheatH.aminervis andZ. muelleri to measure for
leaf extension. The total leaf extension (mm) walswdated as the sum of lengths from the
initial mark to scars on new leaves from each shbo¢ rate of leaf extension for the whole
shoot was normalised to daily growth. Leaf extensates were averaged per tank (n = ~75
+ 9 leaves per treatmefar H. uninervis plants and 50 + 14 leaves per treatmenfor
muelleri plants).

Shoot count was used as a proxy for mortality. kldyt was calculated by taking the
difference in number of shoots per pot at the dritiemexposure from the initial number of
shoots. Shoot count was also recorded during ttevesy period. Shoot count was averaged
per tank (n = 4 tanks per treatment).

2.8. Data Analysis

PAM and growth data were pooled from replicate safimdowing a nested one-way analysis of
variance (ANOVA) which indicated no significant taeffect. Outliers were removed when values
exceeded 1.5 times the interquartile range (Hoalad., 1986). A 2-way ANOVA was performed to
test the effect of Diuron and time on chlorophidioirescence data (repeated measures ANOVA was
not appropriate as the same leaves were not mebaueach time point). Inhibitions of
photosynthetic yields were calculated relativedlyent control and dose-response curves were
plotted using inhibition data at 3, 7 and 77 dafdour parameter logistic curve was fitted to each
data set separately (Sigmaplot 11.0) (Flores g2@l.3). 1G, values and corresponding confidence
intervals were determined from each curve by appglgtandard curve analysis. The probability that
midpoints (IGeS) generated by the logistic curves were statibficiferent was tested by applying
theF test in Graph Pad Prism V 6.0. s}f€were considered different whpre 0.05 and the post-hoc
results presented for each comparison in the reteRasults sections. For other parameters,
statistical differences between controls and treatsywere analysed using one-way ANOVA with
Tukey-Kramer post-hoc test at significance of p850The assumption of equal variances of
ANOVA was tested with the Levene’s test and ANO\eAts were performed only when data met all
ANOVA assumptions. Photosynthetic yields and rdigjit curve data did not meet the assumptions
of ANOVA even after log transformation thereforenqmarametric Kruskal-Wallis tests were used
with Bonferroni post-hoc test and significant diffaces reported in relevant tables. Statistical
analyses were performed using Number Crunchers8tati Software (NCSS 2007, Kaysville, USA).



3. Results

3.1 Photophysiology

The inhibition of effective quantum yieldaK/F,) by diuron at four elevated concentrations
was significant at 0.3pg I over the 11 week period for both species (Figsahd 1B,
electronic supplementary material, ESM Table Se highest diuron treatment (7.2 |1y |
inhibited AF/F,’ by 59 — 78% in both species and during recovasydiopped to 19 — 20%
inhibition after 2 weeks in uncontaminated seaw@t@ter was replaced over 20 times
during that period in the flow-through system). 1A7 ug I, inhibition of AF/F,’ ranged
from 25 to 38% and significant inhibition was atstwserved for the 0.6g I'* (9 - 21%) and
0.3pg I (5- 14%) treatments. In lower diuron concentratieatments< 0.6 ug 1) the %
inhibition of AF/F,’ recovered during the 2 week recovery period ansl wea significantly
different to controls after this period for bothespes (Figs. 1A and 1B, Table S1). Similar
results were observed for the inhibition of maximgoantum yields (#Fy) during the
exposure period and plants in the highest diureattnent exhibited significant chronic
photoinhibition of 17 — 20% /A, following the 2 week recovery period (Figs. 1C i
Table S1).

Fig. 1. Effect of diuron on quantum yield. Inhibition dfective quantum yieldAF/Fy’) in
(A) H. uninervis and (B)Z. muelleri and maximum quantum yield (F,) in (C)H. uninervis
and (D)Z. muelleri relative to solvent control over the duration cf #xperiment.

Dose-response curves were used to determine tleemations of diuron that inhibit 10%
and 50% fluorescence yields ({&and 1G) after 3, 7 and 77 days of exposure (Fig. S1)e Th
ICs0 concentrations for inhibition afF/F,' reduced over the course of the diuron exposure
for H. uninervis (F,,12= 7.19, p < 0.05) but not f&. muelleri (F, 12=2.98, p > 0.05) (Table
2). These small but significant changes in theitieitg of seagrass to diuron over time were
also apparent in the two-way ANOVA (Table S1) dgrihe exposure period. Differences in
ICs0s over time were not tested foy/lk, as 50% inhibition was not reached in most cases
(Table 2).

Table 2. Concentrations of diuron (ug)lthat inhibitAF/F,’ and K/F, by 10% (IGo) and
50% (1G5o) over time for both seagrass species (95% CI jang#ferent superscripted
letters forAF/F, indicate statistically different Kg values (p < 0.05).

Species/duration AF/Ry Fo/Fm
IC10 ICs0 IC10 ICs0
H. uninervis
3 day 0.46 (0.25- 3.5 (2.5-4.6) 0.57 (0.22-1.03) 8.6*
0.67)
7 day 0.51 (0.28-0.76)3.8 (2.7-5.1) 0.82 (0.64-1.03) 9.5*
77 day 0.41 (0.28- 2.8 (2.2-3.45 0.54 (0.48-0.62) 5.8 (5.4-6.2)
0.57)
Z. mudlleri
3 day 0.78 (0.10- 3.3 (1.5-6.4) 0.64 (0.48-0.82) >10*
0.69)
7 day 0.18 (0.05- 2.7 (1.6-4.5) 0.81 (0.63-1.00) >10*
0.41)

77 day 0.40 (0.18-  2.4(1.7-3.5)  0.67 (0.40-1.00) >10*




.062)

* indicates 50% inhibition was not reached — arelEG;, was estimated by extrapolation
Rapid light curves were used to measure photosyatherformance, including: maximum
relative electron transport rates (rEJ:R, the minimum saturating irradiandg), and
photosystem efficiency at limiting light levels)((Fig. 2). rETR.axWas significantly reduced
in both species at 7.2 pg &nd at 1.7 pg’ifor H. uninervis (Tables 3 and S2J, was higher
in Z. muelleri, thanH. uninervis and it was more than 2-fold higher in both speeigsosed
to 7.2 pug T relative to controls demonstrating that more liglas required to saturate
photosynthesis in the presence of diuron. Thisdva®n by the shallow slope of the light
response curve (i.e. low) (Table S2).a proved a sensitive RLC parameter, declining
significantly (p<0.05, Table S3) at 0.6 iyfor both species. At the highest diuron
concentration (7.2 pg'), o was reduced by 74% and 76% relative to the canindh.
uninervis andZ. muelleri, respectively.

Fig. 2. Effect of diuron on rapid light curves. Rapid liglurve for the exposure of (A).
uninervis and (B)Z. muelleri to diuron for 24 d. Mean relative electron trangpate (rETR)
+ SE, n = 12 leaves per treatment. Means * SE.

3.2. Biochemistry: Pigment ratios and concentrations

Seagrass leaves contained the pigments chloroghgtilorophyllib, alpha and beta carotene,
neoxanthin, violaxanthin, lutein and sometimesdsaaf zeaxanthin. There were no
differences in total chlorophylls, carotenoids aadthophylls among all treatments (Tables 3
and S4). However, there was a significant decrea&él a:Chl b ratios in the two highest
diuron treatments fdd. uninervis (12% and 19% decline at 1.7 itgind 7.2 pg1) while a
decrease (10%) was observed in the highest dineatment foZ. muelleri (Tables 3, S4

and S5). In addition, total carotenoids: total cophyll ratios were significantly reduced in
the highest diuron treatmentstdf uninervis andZ. muelleri representing 20% and 22%
declines respectively (Tables 3, S4 and S5).

Table 3. Summary results for the effects of 11 week diwegposure on multiple markers for
seagrass health. Significance at p < 0.05 wasrdeted using one-way ANOVAs and
Kruskal-Wallis tests (ESM Tables S1-S8).

H. uninervis Z. muelleri

Significant effect 0.3 0.6 1.7 7.2 0.3 0.6 1.7 7.2
diuron concentration pg* pgrt pgrt gt pg > pgrt upgft  pgl
AFIFRy 9% -13% -38% -76% -8% -14% -44% -79%
Fo/Fm 6% -11% -25% -56% -3% -9% -22% -43%
a -16%  -34%  -75% -19% -40% -714%
rETRyax -34%  -75% -43%
Ex +157 +127%

%
Chla:Chlb -12%  -19% -10%
Carot:Chl -20% -22%
C:N leaves -13% -15% -33% -18%
C:N roots -37%
3°C leaves -24%  -64% -30%  -46%
d"C roots -8%
Starch -43%  -96% -54% -53%
Growth -22% -23%
Cumulative mortality -31%

3.3. Biochemistry: Stable isotope ratios



Carbon-nitrogen (C:N) ratios were reduced in tlaeds of both seagrass species in the
presence of diuron and the reduction was significaH. uninervis at concentrations as low
as 0.6 ugt diuron (Tables 3, S6 and S7). Reductions weeatserved in the root-
rhizome complex compared with the controls butdifierences were less pronounced.
Significant reductions i6*3C were also evident in the leaves of both speciésiing

diuron exposures of 1.7 pug T for 11 weeks (Tables 3 and S6). There was nerdifice in
8N in the leaves or roots of either species (datashown).

3.4. Sarch content of the root-rhizome complex.

The starch content of the root-rhizome complekiofininervis andZ. muelleri was 21 + 2%
and 10 = 1% (w/w) respectively (Fig. 3). This stacontent declined significantly (Table
S7) by 43% and 54% iH. uninervis andZ. muelleri following 79 d exposure to 1.7 pg |
diuron. While the starch contentZnmuelleri declined no further at the highest diuron
concentration, starch contenth uninervis dropped to only 4% of the control content when
exposed to 7.2 pug'ldiuron (Fig. 3 and Table 3).

Fig. 3. Effect of diuron on starch content. Concentratiohstarch (% w/w) in the root-
rhizome complex. Mean + SE of seagrass planis four replicate tanks exposed to diuron
for 11 weeks. * indicates significantly differédndm controls. Significance at p < 0.05 was
determined using one-way ANOVAs (ESM Table S7).

3.5. Growth

Growth rates were 2.2 + 0.3 mrit ¢br H. uninervis and 5.1 + 0.7 mmHZ. mudlleri in the
absence of herbicides (Fig. 4A). Growth ratesidecsignificantly (Table S8) by 22% and
23% for H. uninervis and Z. muelleri, respectively, when measured following 11 weeks of
exposure to diuron at 7.2 pg (Fig. 4A and Table 3). Growth rates were also sueed
following 2 weeks of recovery and were not diffdarém any of the diuron treatments in
comparison with the controls at that time point#daot shown).

Fig. 4. Effect of diuron on growth and cumulative mortaliGrowth rates (A) and cumulative
mortality (B) after 11 weeks, mean and SE of sesggmants from four replicate tanks. *
indicates significantly different from controls.gBificance at p < 0.05 was determined using
one-way ANOVAs (ESM Table S8).

3.6. Cumulative mortality

The number of shoots in control treatments at tiek & the 11 week exposure was < 5%
different from the original number at the starttioé experiment for both species (Fig. 4B).
The maximum cumulative mortality was 22% fér uninervis at 7.2 pg t diuron and 31%
for Z. muelleri at 1.7 ugtdiuron (Fig. 4B and Table 3); however, only cumiviamortality

in Z. muelleri plants exposed at 1.7 ugdiuron were different from controls due to large
variability within treatments (Table S8).

4. DISCUSSION

Diuron rapidly reduced the capacity of two seagsgpesies to harvest sunlight, and over a
prolonged period this led to reductions in carbssirailation and energy storage in the
below-ground biomass of plants (Table 3). The whmant effects of low concentrations of
diuron were similar to those caused by light limda (Fig. 5) indicating that chronic
exposure to diuron may escalate seagrass losggdsewere, high-turbidity flood plume
events.



4.1 Effects of diuron on photophysiology and pigment composition

Diuron caused a relatively constant decrease itoglothetic efficiencyAF/Fy') over the
duration of the exposure, but a significant deciimthe 1G values from 3.8 to 2.4 pd for
H. uninervisindicated slightly greater sensitivity in this sgscat 11 weeks. Overall the
inhibition of AF/F,’ during the chronic exposures were similar to thmseiously reported
(2.1 — 3.5 ugt) for tropical seagrass species exposed to diuvenb— 3 days (Flores et al.,
2013; Wilkinson et al., 2015). Blocking of eleatrsansport by diuron can also result in
oxidative stress and damage to PSII (Schreibe® 2&Qd evidence for damage to PSIl in
both seagrass species was indicated by inhibitiét/B, at>0.3 pg I* diuron. Recovery of
the function of PSII following the chronic expostioelow diuron concentrations@.6 pg 1)
was relatively rapid as observed in earlier stu@iéscinnis-Ng and Ralph, 2003) but
seagrass exposed to the highest diuron treatmeh® (g I') over 11 weeks still exhibited
inactivation of PSIl and possibly damage (inhibitiof K/F,)) after 2 weeks in
uncontaminated seawater. These results reflecetiesible nature of binding of PSII
herbicides (Jones and Kerswell, 2003) enablingiregztovery at low concentrations and
slow repair of damage due to chronic herbicide syp®at higher concentrations.

Table4. The mean daily irradiance of both seagrass spesied in the present study as
effectively shaded by diuron. Calculated basedwwrage surface irradiance (Sl)
assumptions by (Collier et al., 2012b).

Treatment (ug't diuron) 0 0.3 0.6 1.7 7.2
% inhibition of AF/F,’ 0 6.6 12.7 32 66
Quanta (mol rif day’) 140 131 122 9.5 4.7
% shading of full SI 54.6 57.6 60.4 69.2 84.6
% SI 454 42.4 39.6 30.8 15.4

Rapid light curves in our study revealed that clwaiiuron exposure affects the
photosynthetic capacity of seagrasses over a \aiaigerof light conditions (Fig. 2) and the
comparison of effects caused by chronic diuron sxpes (here) and effects resulting from
acclimation to different light intensities (RalphdaGademann, 2005) is useful. For example,
both chronic low light conditions (Ralph and Gadema005) and diuron exposure (this
study) resulted in reduced rEFR. In the case of low light adapted plants thilkisly due

to adaptation of the photosynthetic apparatus &vaip efficiently but in the case of diuron
exposure, the herbicide binding to the D1 protemhits electron transport resulting in
increased florescence and non-photochemical quegyctastricting photochemical potential
of the system (Fig. 5). The minimum saturatingdiaace (k) of low light adapted plants is
lower than those adapted to high light (Ralph aad&mann, 2005); however & higher

for diuron-exposed plants (i.e. it takes greaterdiiance to reach maximum photosynthetic
capacity) (Fig. 2) as the diuron inhibits photosatic efficiency AF/FR,') under light limited
conditions (Schreiber, 2004). In the presencdawbad the chlorophyli:b ratio decreased,
reflecting an up-regulation of the less abundatdrophyll b (Table 3). The proportional
increase in the production of chlorophylinay improve the capacity of the PSII to absorb a
broader range of wavelengths of PAR to increasdymtion without generating extra self-
shading (Givnish, 1988) as has been observedhtlimited seagrasses (Collier et al.,
2012b) and now for herbicide-exposed plants.

4.2. Effects of diuron on carbon fixation and storage

The energetic status of seagrass relies on thadmltzetween C fixation via photosynthesis
or inorganic C uptake and loss through respiratidleaves and the root-rhizome complex
(Alcoverro et al., 2001; Fourqurean and Zieman,1)9B8ere we demonstrate that chronic



exposure to diuron under conditions of moderatet ligtensity has similar negative outcomes
as light limitation on carbon fixation, assimilatiand storage iHl. uninervis andZ. muelleri.

The reduction in C:N ratios in leaves and rootkfeing 11-week diuron exposures indicates
a significant flow-on effect from herbicide exposuo seagrass energetic balance. Chronic
blocking of electron transport in PSII by diuroreo\l1 weeks is likely to have reduced
photosynthetic C assimilation, resulting in theeslyed reduction in C:N (Fig. 5). Reduced
C:N has been consistently observed in seagrasedeader light limited conditions (Abal et
al., 1994; Collier et al., 2009; Fourqurean etE97; Grice et al., 1996, Peralta et al., 2002),
demonstrating a common outcome for C:N balanceagasses with chronic diuron
exposure. The decline 81°C in leaves was significant for both species atdg7* diuron

and this has also been consistently observed gragagrown under light limitation (Collier
et al., 2009; Cooper and DeNiro, 1989; Grice etl#196), where the lightéfC isotope is
preferentially assimilated under lower light intéy¢reduced photosynthetic carbon
assimilation, Fig. 5). Reduc@f’C has also been correlated with low productivitgsan
seagrass gown under light limiting conditions (@r&t al., 1996) and its decline in the
presence of diuron provides evidence that thisrghroerbicide exposure had a strong effect
on the energetic status of the plant.

One of the most important markers of energetiaistat seagrass is the amount of non-
structural carbohydrates stored in the root-rhizaormaplex (Alcoverro et al., 2001; Brun et
al., 2003). IrH. uninervisandZ. muelleri other soluble sugars represent only approximately
a quarter of the total non-structural carbohydrédesa not shown), with the remainder being
starch. Starch is mobilized to maintain metabplmcesses under conditions of low light and
other stressful conditions, allowing regrowth undenditions of negative C balance
(Alcoverro et al., 2001). The strong and consistiecrease in below-ground starch content
in both seagrass species following diuron expos{irakle 3) represents a third line of
evidence to demonstrate similar outcomes of chrberbicide exposures to light limitation,
resulting from reduced photosynthetic carbon fomifFig. 5).

Fig. 5. Conceptual pathway for effects of the PSII hed®ailiuron on seagrass, including
indicators and responses.

4.3 Comparing herbicide effects on photophysiology with shading

Chronic exposure to PSII herbicides may exacetbatdight impacts on seagrass, as the
effects of diuron on photosynthetic efficiency lgmpto declines in plant health (reduced
C:N ratio,8"°C, starch reserves, Table 3) reflect those in lighited plants (Table 1, Fig. 5).
The relationship between the effects of herbickj@esure and light limitatiom situ are

likely to be complex as exposures to the contantiaad light are in continual flux.
However, the inhibition in photosynthetic efficign@F/F,") by 10% caused by
approximately 0.4 pg'diuron may represent an effective “shading eqeivéilof 10%
(Table 4) that adds to physical shading by suspsddiments and algae during flood
plumes. The highest diuron concentration causeditron of AF/F,’ of 66% in both species
over the 11 week period. As the mean daily irmackein the experiment was ~14 mofm
day’, this diuron exposure could cause a shading efguit/éapparent drop of irradiance) by
66% down to ~4.8 mol thday* which is ~15% of normal surface irradiance (SQI{i@r et
al., 2012b) (Table 4). This irradiance is simtlathe low light treatment in Collier et al.
(2012b) and both studies reported reduced leahsiie inH. uninervis andZ. muelleri

under these conditions. Further work is needegutnmtify the potential of converting PSII
herbicide concentrations to “shading equivalents this type of relationship is only likely
to be valid in low light conditions as other outaesrsuch as non-photochemical quenching



will occur under higher irradiance (Ralph and Gadem 2005). However, this is a potential
first step towards understanding how chronic hédkiexposures may increase the risk of
losing nearshore seagrass habitats following fldadhes. Other logical extensions of this
work would be to link the “shading equivalents” likelevant herbicide guidelines for
incorporation into risk assessments for light latiin on seagrass habitats threatened by
flood plume events.

4.4. Linking chronic diuron exposure and whole plant effects

Chronic diuron exposure caused whole plant effiecisiding reduced growth and
cumulative mortality over the 11-week exposuregaebut only at higher diuron
concentrations (7.2 ug). Growth rates have also been shown to decliZe iimerina
subjected to PSII herbicides previously, includixposures of 5 pgdiuron over 10 d
(Chesworth et al., 2004) and 10 [TAtrazine over 4 weeks (Gao et al., 2011; Wahedslly
al., 2012). Mortality was also reportedZostera marina exposed t@¢:100 pg I* atrazine
(Delistraty and Hershner, 1984; Gao et al., 20thw&irzschild et al., 1994). Trends linking
increases in cumulative mortality were apparenbld 8, Fig. 5) however there was a high
degree of variability in the response of plant®asmost treatments limiting the precision of
this endpoint. Continued growth and survival ofggaas in the presence of diuron was likely
due to a combination of: (i) the plants drawing mgoergetic reserves from below-ground
biomass and (ii) continued fixation of carbon bytiadly blocked (yet functional)
photosystems (Fig. 5). This study shows thatoaljh seagrass may survive prolonged
herbicide exposures, concentration8.6 pg " diuron equivalents cause measureable
impacts on energetic status that may leave théplannerable to other simultaneous
stressors.

Results from this study indicate that the majoedihiof chronic diuron exposure to seagrass
(under low to moderate light conditions often enteted in flood plumes), is to contribute
cumulatively to the impacts of light limitation lephancing loss of productivity in the plants
and drawing upon energy reserves of plants, finafiging to impacts at a meadow scale.
Some seagrass however are subjected to high in@dend simultaneous exposure to diuron
or other PSII herbicides and under these circunastamay increase photo-oxidative stress
leading to a second pathway for seagrass lossoilgestudy to expose seagrass to both
potential stressors demonstrated that high irragi@md diuron combined to increase chronic
photoinhibition after 24 h ikalophila ovalis leaves (Wilkinson et al., 2015) and this
combination of pressures is worth investigatingr@aenore prolonged period.
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Figures And Tables:
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Table S1. Results from 2-way ANOVA on the effective quantyields, AF/F,’, and
maximum quantum yields, M, of two seagrass species exposed to varying ctnatems

of diuron (times 3, 7, 27, 57 and 77 d) and duthgrecovery period (absence of herbicide;
times 7 and 13 d).

Species Factor DF SS F p

Exposure period

H. uninervis Time 4 0.97 70.90 < 0.01*

AFIR, Treatment 4 40.00 2919 < 0.01*
Time x Treatment 16 0.39 7.11 <0.01*
Error 1421 4.87

H. uninervis Time 4 1.38 194.66 <0.01*

F/F Treatment 4 23.34 3284.32 <0.01*
Time x Treatment 16 0.19 6.69 < 0.01*
Error 1416 2.52

Z. muelleri Time 4 1.79 96.3 < 0.01*

AFIR, Treatment 4 33.15 1783.27 <0.01*
Time x Treatment 16 0.48 6.49 < 0.01*
Error 1425 6.62

Z. muelleri Time 4 1.27 248.95 <0.01*

F/F Treatment 4 13.00 2551.16 <0.01*

Time x Treatment 16 0.17 8.30 <0.01*



Error 1.77

Recovery period

H. uninervis Time 0.10 126.60 < 0.01*

AF/IR, Treatment 0.10 126.60 <0.01*
Time x Treatment 3.69 x 107 11.49 < 0.01*
Error 0.43

H. uninervis Time 0.13 56.52 <0.01*

FJ/F Treatment 1.09 116.51 <0.01*
Time x Treatment 7.86 x 10° 8.37 <0.01*
Error 1.32

Z. muelleri Time 0.21 66.79 <0.01*

AF/IR, Treatment 0.97 75.93 <0.01*
Time x Treatment 5.88 x 107 4.60 <0.01*
Error 1.73

Z. muelleri Time 0.12 100.16 <0.01*

FJ/F Treatment 0.70 143.57 <0.01*
Time x Treatment 3.85x 107 7.90 <0.01*
Error 0.67




Table S2. Summary of rapid light curve parameters: maximetative electron transport rate
(rETRmay, and minimum saturating irradianEg, (mean of 12 replicates + SE)
photosynthetic rate in the light-limiting region) by species and treatment at 24 d. Different
superscripted letters indicates statistically défe 1G;, values (p < 0.05, ESM Table S3).

Treatment rETRmax Ex o
(kg I diuron)
H. 0 64 + & 61+8 1.06+0.02
uninervis
0.3 71+ 5 72+5P° 099+
0.03P
0.6 66 + 6 74+ 8P 0.89+
0.02¢
1.7 41+ % 52+3F 070+
0.044
7.2 40 + 1 151+ 6 0.26 + 0.0
Z. muelleri 0 81+ 4 88+7 0.96+0.04
0.3 95+ 3 101+ 6 0.90 +0.02
0.6 81+ 8 104+ 0.78 +0.02
107
1.7 69+ 17" 127+ 0.58+0.08
307P
7.2 48 + £ 200+ 0.25+0.0%
20°

“* denotes significantly different (p < 0.05)

Table S3. Results from Kruskal-Wallis tests of photosyntbetificiencies and light curve
parameters dfl. uninervis andZ. muelleri after exposure to elevated concentrations of
diuron.

Species Indicator f H p

d
H. uninervis  AF/FR, 4 240.83 <0.01
Fo/Fm 4 246.09 <0.01
a 4 53.78 <0.01
rETRmax 4 32.97 <0.01
Ex 4 31.70 <0.01

Z. muelleri AFIR, 4 22143 <0.01
F/Fm 4 23590 <0.01
a 4 53.47 <0.01
rETRnax 4 25.14 <0.01
Ey 4 24.97 <0.01




Table $S4. Concentrations of pigments and their ratios irgssss leaves after 11 week
exposures to four elevated diuron concentratioht=Gotal chlorophylls, Carot = total
carotenoids, Xan = total xanthophylls (n = 4 tafil8E). * indicates significantly different
from controls. Significance at p < 0.05 was detesdiusing one-way ANOVAs (ESM Table
S5).

Diuron Total Chl  Total Carot Total Xan Chla:Chlb  Carot:Chl Xan:Chl
Treatment (ug/g wet)  (ug/g wet) (ug/g wet)  (mol:mol) (mol:mol) (mol:mol)
H.
uninervis
Opg 1454 £ 123 157 +11 282+18 2.70+0.03 0.11+0.00 0.20+0.01
0.3ugt 1199 + 279 122 +23 229+48 259+0.08 0.10+0.00 0.19+0.00
0.6 ugt 1308 +103 143 +11 275+16 253+0.04 0.11+0.00 0.21+0.01
1.7pugt 1458 + 158 152 +11 302+26 2.37+0.09* 0.11+0.01 0.21+0.01
72ugt 1810 +118 157 +11 378+26  2.20+0.04* 0.09+0.00+ 0.21+0.01
Z. muelleri
Opgh 1707 £ 116 118+9 256+16 2.80+0.05 0.07+0.00 0.15+0.00
03ugt 1789 £ 360 127 +26 250+53 2.71+0.03 0.07+0.00 0.14+0.00
0.6ugt 1757 £212 123+ 14 262+25 2.65+0.07 0.07+0.00 0.15+0.00
1.7ugt 1819 £ 244 118+ 15 282+34 264+0.09 0.07+£0.00 0.16+0.01
7.2 ugt 2250+ 161 122 +12 328+24  253+0.02* 0.05+0.00* 0.15+0.00

Table Sb. Results from one-way ANOVAs of pigments and thatros of two seagrass
species exposed to elevated concentrations ofrdimver 11 weeks.

Species Indicator df between  df within F p

H. uninervis  Total Chl 4 15 1.87 0.17
Total Carot 4 15 1.08 0.40
Total Xan 4 15 3.73 <0.05
Chla:Chlb 4 15 10.78 <0.01
Carot:Chl 4 15 7.74 <0.01
Xan:Chl 4 15 0.81 0.54

Z. muelleri Total Chl 4 15 0.88 0.50
Total Carot 4 15 0.05 0.99
Total Xan 4 15 0.83 0.53
Chla:Chlb 4 15 2.97 0.05
Carot:Chl 4 15 24.03 <0.01
Xan:Chl 4 15 1.21 0.35




Table S6. Results for the effects of 11 week diuron exposur€:N ratios and'*C and
5N in the leaves and root-rhizome complex of twecigs of seagrass (n = 4 tanks + SE).
*indicates significantly different from controlsigaificance at p < 0.05 was determined

using one-way ANOVAs (ESM Table S7).

Diuron C:N 3°C 3N
Treatment
Leaves Roots Leaves Roots Leaves Roots

H. uninervis
0 ug it 21.0+£04 59.1+34 -119+04 -109+0.3 2.0x0.2 -1.4+19
0.3 ug It 19.7+04 61.0+3.6 -120+0.3 -10.8%x0.1 1.9+0.2 1.1+0.1
0.6 pg It 18.2+05* 63.6+23 -11.6+x0.5 -10.7x0.2 1.7+0.0 1.7+0.3
1.7 ug It 17.8+0.3* 483+21 -148+0.2* -11.2+0.3 2.2+0.1 -0.7+1.3
7.2 U9 It 141 +0.6* 37.5+2.0* -195+0.2* -106+0.2 2.0+04 1.0+0.1

Z. muelleri
0 ug it 169+0.7 39.1+15 -124+04 -10.0x0.1 3.0+0.1 22+0.1
0.3 ug 1t 16.8+0.7 452+42 -13.2+0.2 -109%0.1* 2.8+0.3 1.9+0.2
0.6 ug 1t 171+03 46.9+27 -128+05 -105%x0.2 3.1+0.2 25+0.3
1.7 ug 1t 153+03 31.8+14 -16.1+0.6* -104%0.1 24+0.3 2.1+£0.3
7.2 ug 1t 13.9+04* 34.7+1.2 -18.1+0.4* -10.3x0.3 3.2+0.1 22+0.1

Table S7. Results from one-way ANOVAs on C:N ratios aitdC ands™N in the leaves

and root-rhizome complex of two seagrasses aftdrlameek exposure to diuron.

Indicator Plant df between  df within F p

C:N H. uninervis leaves 4 15 33.13 <0.01
H. uninervis roots 4 15 15.35 <0.01
Z. muelleri leaves 4 14 5.68 <0.01
Z. muelleri roots 4 14 6.30 <0.01

5% H. uninervis leaves 4 15 88.65 <0.01
H. uninervis roots 4 15 0.97 0.45
Z. muelleri leaves 4 14 29.16 <0.01
Z. muelleri roots 4 14 3.52 <0.05

3N H. uninervis leaves 4 15 0.78 0.55
H. uninervis roots 4 15 1.73 0.20
Z. muelleri leaves 4 14 2.06 0.14
Z. muelleri roots 4 14 1.13 0.38

Starch H. uninervisroots 4 15 37.09 <0.01
Z. muelleri roots 4 14 4.94 <0.05




Table S8. Results from one-way ANOVA on the growth rate amattality of seagrass
exposed to diuron after 11 weeks.

Species Indicator df between  df within F p
H. uninervis  Growth 4 392 5.54 <0.01
Cumulative mortality 4 52 1.44 0.23
Z. muelleri Growth 4 274 8.94 <0.01
Cumulative mortality 4 52 6.32 <0.01
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Fig. S1. Dose-response curves for the inhibitiom&fF,’ in (A) H. uninervis and (B)Z.
muelleri and maximum quantum yield {Fy,) in (C) H. uninervis and (D)Z. muelleri relative
to solvent control at three time points. Means + SE

Table 1. Potential markers for stress in seagrsad in the present study. These markers are
known to be sensitive to stress caused by low lglels but many are untested for herbicide
exposure. The known seagrass responses to ligielhas the known or hypothesised,\H
effect of diuron are described. Biomarker responsésw light and diuron were

hypothesised to be responding in oppost)e @r similar &) directions

Response variable Response to low light intensity Similarity Expected response to diuron Expected
response

timeframe

Photophysiology



Effective Quantum
Yield

Maximum Quantum
Yield

The minimum
saturating irradiance

Relative electron
transport rate

Photosynthetic
efficiency

Biochemistry
Total chlorophyll

Total xanthophylls
> neoxanthin +
violaxanthin +
zeaxanthin + lutein)

Pigment ratios

C:N ratio

%

Starch content

Whole plant effects
Leaf growth

Cumulative mortality

AF/Fy

F/Fm

Ex

rETRmax

Chla

Xan

Chla:Chl
b

Xan:Total
Chl

C:N

s

mm day*

AF/F, rises, as the charge separation ra
at PS Il reaction centers is decreased

F./Fnincreases as photooxidative 3
damage to PSill is decreased.

E, is lower in plants conditioned to low #
light

The maximum photosynthetic capacity
rETRax iS reduced in seagrass grown
under light limitation

The rise of the rapid light curve at #
limiting light intensity (less thag,) is
proportional to efficiency of light capture
(AF/FR,) and often increases under light
limitation

0

Chl a can increase in shaded plantsto  ?
increase photon capture

Xanthophylls are harvesters and involve®?
in photoprotection. They can increase
under high light stress or herbicide
exposure, but reduce in seagrasses in low
light conditions

Chlorophylla:b ratios are lower in #
shade-adapted plants as Chl b is
synthesised to harvest a wider range of
wavelengths

Can increase to protect the photosystemz
under conditions causing PSII stress (e.qg.
high light and/or herbicide), but reduce in
low light

Can decline following light limitation as =
photosynthetic assimilation of C
decreases relative to more stable uptake
of N.

Under light limitation and reduced C =
fixation,1°C isotope is assimilated
preferentially:5*°C is reduced

Starch represents the major energy store=
in many seagrasses and these are
remobilised (reduced) in the root-
rhizome complex may indicate sub-
optimal light conditions

Reduce when light limited reflecting less =
energy for growth; however, can initially
increase in an attempt to capture more
light.

As energetic balances are reduced in lov=
light, shoot mortality increases, and new
shoot production declines: cumulative
mortality rises. Chronic shading can

affect seagrass resilience and lead to
decreased shoot density and leaf biomass

AF/F, is reduced as diuron binds to the Hours
D1 protein of PS I, inhibiting re-

oxidation of QA and decreasing
photochemical quenching

F./Fn is decreased as a fraction of PS Il Hours
centers are inactivated or damaged.
Ex may be higher as reduced PSlI Hours to
efficiency increases the light level
needed to saturate PSIIJH

Inactivation and oxidative damage to
PSII reduces electron flow, including
maximum potential rETR. (Ho)
Efficiency of light capture may be
reduced in the presence of diuron as for
AF/F, (Ho)

Hours to

Hours to

Light harvesting pigments may reduce Weeks
(potentially due to oxidative damage
under high light) or increase under low
light (to compensate for reduced
photosynthetic efficiency)

As with chlorophylls, the xanthophylls
may increase or decrease depending on
light intensity.

Days b w

Chlorophylla:b ratios increase Hours to

Photoprotective pigments increase Hours to
relative to light harvesting pigments to

protect photosystems from oxidative

stress

Can decline following light limitation as Weeks
photosynthetic assimilation of C

decreases relative to more stable uptake

of N (H,)

Under reduced C fixation, C is less
limiting to photosynthesis and the lighter
12C isotope is assimilated preferentially:
81%C is reduced ()

Under reduced photosynthetic quenchinWeeks
and C fixation, starch will be remobilised

to supplement growth and respiration

(Ho)

Weeks

May reduce due to lower energetic Weeks

surplus (H)

As energetic balances are reduced shooWeeks to
mortality increases, and new shoot

production declines: cumulative

mortality rises (H)




