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Microplastic pollution associated
with reduced respiration in
seagrass (Zostera marina L.)
and associated epiphytes

Jacob Malte Molin ‡, William Emil Groth-Andersen ‡,
Per Juel Hansen, Michael Kühl and Kasper Elgetti Brodersen*†

Marine Biological Section, Department of Biology, University of Copenhagen, Helsingør, Denmark
Seagrasses provide crucial ecosystem services of relevance for the marine

environment. However, anthropogenic activities are causing global seagrass

decline. Increasing microplastic (MP) concentrations have been recognized as

a novel threat to many marine organisms, but their effects on marine plants

remain underexplored. Here, we investigate the effects of microplastic

(polyethylene (PE) and polypropylene (PP)) exposure on the photosynthesis

and respiration of the seagrass Zostera marina L. and its associated epiphytes.

Measurements were conducted on seagrass leaves with and without epiphyte

cover, as well as on epiphytes scraped off the leaf surface. Net gas exchange and

pH drift measurements were used to determine rates of photosynthesis and

respiration, as well as the ability of leaves and epiphytes to utilize bicarbonate. In

addition, variable chlorophyll fluorescence imaging was employed to quantify

the photosynthetic capacity of seagrass leaves. Our results show a limited effect

of short-term (14 days) microplastic exposure on seagrass leaves and their

associated epiphytes, although the photosynthetic activity and respiration rates

were gradually reduced for bare seagrass leaves with increasing microplastic

concentrations (25-1000 mg MP L-1). A >50% reduction in dark respiration of

bare leaves was found at the highest MP exposure, while respiration rates of

leaves with epiphytes and separated epiphytes were reduced by maximally ~45

and 30% upon MP exposure, respectively. Short-term microplastic exposure did

not alter i) the ability to utilize bicarbonate, ii) the maximum quantum yield of PSII

(FV=FM), nor iii) the light utilization efficiency of Z. marina leaves and associated

epiphytes. The compensation irradiance decreased for all investigated

specimens, and seagrass leaves (with and without epiphytes) were able to

retain a positive net oxygen balance throughout all treatments. We speculate

that the observed decrease in photosynthetic activity and respiration was caused

by leachates from microplastics. Our findings thus indicate that seagrass Z.

marina largely possess resilience toward microplastic pollution at its

current level.
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1 Introduction

Seagrasses are the only true angiosperms in the ocean

(Hemminga and Duarte, 2000), and they are considered

important ecosystem engineers in marine environments because

of their ability to modify abiotic factors (Jones et al., 1997). Seagrass

meadows provide ecosystem services that support the overall

functionality of the coastal environment (Mtwana Nordlund

et al., 2016). This includes water purification by extracting

nutrients from the water column (Short and Short, 1984) and

coastal protection through current regulation and sediment

stabilization (Gambi et al., 1990), providing protection against

coastal erosion in many areas (Koch et al., 2009). Furthermore,

current deceleration results in enhanced suspended particle

sedimentation (Potouroglou et al., 2017), causing large amounts

of sequestered carbon (Mcleod et al., 2011; Howard et al., 2017). In

addition, seagrass meadows also provide habitats for a range of

different marine organisms, ranging from invertebrates to iconic

herbivores such as dugongs and sea turtles (Nordlund et al., 2018).

Finally, seagrass meadows remain essential in retaining fish stocks,

as they provide nurseries for several species, including the Atlantic

Cod (Lilley and Unsworth, 2014; Mtwana Nordlund et al., 2016).

Seagrasses have evolved special adaptations to live in marine

habitats, such as thin leaves, thin cuticles and large leaf surface area,

as they lack stomata and thus rely on diffusion for gas exchange (Kuo

and Hartog, 2006). Epiphytic communities residing on seagrass

leaves, including algae and heterotrophic bacteria can affect the

leaf microenvironment (Brush and Nixon, 2002; Noisette et al.,

2020), where e.g., epiphyte cover reduces the light quantity and

quality for the underlying leaf and increases the thickness of the

diffusive boundary layer (DBL) (Brodersen et al., 2015a; Larkum et

al., 2018). This DBL increase around leaves, limits oxygen supplies

for respiration, increase levels of pH and lowers the CO2 availability

for photosynthesis, resulting in reduced photosynthetic efficiency

(i.e., O2 photon-1) and increased compensation irradiance

(Brodersen et al., 2015a; Brodersen et al., 2020; Zhang et al., 2022).

In addition, the internal CO2 :O2   ratio can decrease during the day,

causing increased photorespiration and oxidative stress in the plant

tissue (Maberly, 2014). Increased epiphyte cover has also been

shown to decrease radial oxygen loss (ROL) from the below-

ground tissues, leaving the plant more vulnerable to H2S intrusion

(Brodersen et al., 2015a). Ultimately, thick epiphyte cover can induce

carbon limitation, as leaf epiphytes and seagrasses are competing for

inorganic carbon (DIC) (Brodersen et al., 2020; Zhang et al., 2022).

High photosynthetic activity can thus basify the phyllosphere

(Brodersen et al., 2020), altering the carbon speciation equilibrium

towards unfavorable bicarbonate (HCO−
3 ) and carbonate (CO2−

3 )

ions. The favored source of DIC for seagrasses is in the form of C

O2 (i.e., can freely diffuse into the tissue), though HCO−
3 can be

utilized through energy-dependent, carbon concentrating

mechanisms (CCM) often utilizing the enzyme carbonic

anhydrase (Beer and Rehnberg, 1997). Epiphytic communities on

seagrass leaves consist of several different genera of algae, including

brown algae, green algae, and diatoms (Borum et al., 1984), and only

some of these have effective CCMs (Tortell et al., 1997; Hepburn

et al., 2011; Raven et al., 2011). However, seagrasses also host
Frontiers in Marine Science 02
beneficial bacteria that rely on photosynthate excretions from

seagrass leaves (Kirchman et al., 1984), and can play an important

role in seagrass nutrient acquisition (Capone, 1977; Tarquinio et al.,

2018); as well as, phagotrophic epiphytes (such as ectoprocts,

sponges and tunicates) may supply CO2, ammonium and

phosphate to the leaf microenvironment of aquatic plants (Wong

and Vercaemer, 2012).

Anthropogenic activities and climate change threaten seagrass

meadows worldwide (Orth and Duarte, 2006). Increasing ocean

temperatures decrease the water oxygen content (Staehr and Borum,

2011; Staehr et al., 2018) and the dissolved CO2 (offset by increasing

atmospheric CO2), and rising sea levels reduce the light availability for

the seagrass leaf canopy (Saunders et al., 2013). Increased nutrient run-

off in coastal waters has led to increased eutrophication (Short and

Neckles, 1999), causing enhanced growth of epiphytic algae and

bacteria on the surfaces of seagrass leaves (Richardson, 2006). In

comparison, ocean plastic contamination is a more recently

discovered and potentially increasing threat to many marine

organisms (Avio et al., 2017). A considerable share of human waste

is plastic, and ~10% of the annual global production ends up in the sea

(Ryan et al., 2009), causing ~13 billion dollars’ worth of damage to

marine ecosystems on a yearly basis (Avio et al., 2017). Breakdown of

plastics eventually leads to the formation of microplastic (MP), which is

defined as plastic particles under 5 mm in size (Barnes et al., 2009).

Plastic production has increased by 43% from 2004 to 2015

(Hermabessiere et al., 2017), and it is expected that microplastic

concentrations will increase as a consequence (Prata et al., 2019).

Primary sources of MP are derived from the cosmetic industry, plastic

pellets and other forms of MP released directly into the ocean (Ryan

et al., 2009). SecondaryMP results from the breakdown of larger plastic

debris through mechanical and photo-oxidative damage (Cole et al.,

2011). The effect of plastic debris on marine fauna through ingestion

and entanglement has been documented (Wright et al., 2013; Ivar do

Sul and Costa, 2014), and plastic leachates have been shown to inhibit

the photosynthetic machinery of algal primary producers (Tetu et al.,

2019; Dong et al., 2021). The effects of microplastic on seagrasses

remains, however, largely unknown.

Seagrasses primarily inhabit coastal zones that are considered

the most plastic polluted areas in the sea due to their proximity to

the source (Shim et al., 2018). The increased sedimentation rate

facilitated by seagrass meadows might also provide a novel

ecosystem service, as microplastic can accumulate in the seagrass

vegetated sediment (Huang et al., 2020; Jones et al., 2020) and

microplastic particles have even been shown to adhere to seagrass

leaves (Jones et al., 2020). Furthermore microplastic particles

excrete chemical leachates, e.g., additives from the manufacturing

process, during their degradation (Hahladakis et al., 2018).

Microplastics can also act as vectors for persistent organic

pollutants (POP), heavy metals and bacterial pathogens from the

surrounding water (Teuten et al., 2009; Wang et al., 2016). It has

been shown that the common plastic additive Bisphenol A (BPA),

can markedly reduce the photosynthetic capacity in seagrasses

(Adamakis et al., 2021), and increasing microplastic leachate

concentration has been shown to impair photosynthesis and

growth of the cyanobacterium Prochlorocccus (Tetu et al., 2019).

Furthermore, microplastic exposure has been shown to impair
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growth of diazotrophic bacteria (Fernández-Juárez et al., 2021) that

can associate with seagrass nutrient acquisition (Capone, 1977;

Welsh, 2000). Altogether, microplastics thus might detrimentally

influence epiphyte and seagrass photosynthesis and respiration,

although such potential effects are still largely undetermined. The

effects of microplastics on seagrasses are thus poorly understood,

while microplastic concentrations in the ocean (Prata et al., 2019) as

well as microplastic trapping in seagrass meadows are increasing

(Huang et al., 2020).

In the present study, we investigated the effects of increasing

microplastic (PE and PP) concentrations on the photosynthesis and

respiration of eelgrass (Zostera marina) and its associated

epiphytes. The treatments reflected environmentally relevant

microplastic concentrations, but also included extreme events to

elucidate potential future risks. Measurements were conducted on

seagrass leaves with and without epiphytic biofilm, as well as, on

separated epiphytes. This was done to assess the effects of

microplastics on: (i) the balance between photosynthesis and

respiration, (ii) the photosynthetic activity and efficiency (iii)

CCM’s and thereby the utilization of bicarbonate as an inorganic

carbon source, and (iv) effects on the photosynthetic capacity of

Photosystem II (PSII) in seagrass leaves with and without epiphytes.
2 Materials and methods

2.1 Microplastic processing and
concentrations

Four treatments with microplastic concentrations were set up: 0

(control), 25, 250 and 1000 mg MP L-1. Similar concentrations of

MP have been used in other studies on the effects of microplastics

on aquatic phototrophs (e.g., Sjollema et al., 2016). To produce

microplastic fragments, we used the two most abundant plastic

types found in European waters, polyethylene (PE) and

polypropylene (PP) in a ratio of 6:4 (Jones et al., 2020). We used

common household articles such as black PE garbage bags and PP

hard plastic containers (Silvan A/S, Brabrand, Denmark). To make

microplastic, garbage bags were cut with scissors, while the harder

plastic containers were processed in a bullet blender. For each

microplastic treatment, the microplastic particles were suspended in

stirred and aerated seawater (16°C, salinity = 20) originating from

the seagrass sampling site and were then incubated with a 14h:10h

light-dark cycle (photon irradiance of ~350 μmol photons m-2 s-1;

400-700 nm) for three weeks prior to use in the MP treatments of

seagrass. This MP pre-conditioning was done to allow for possible

biofouling and adsorption of heavy metals and pollutants (Teuten

et al., 2009), as well as possible desorption of leachates into the

seawater, as seen in studies on microplastic aging in natural

environments (Kedzierski et al., 2018). We estimated the mean

size of the microplastic particles from three replicates of 50 samples

for both PE and PP using an Olympus BX50 microscope connected

to a computer with cellSens software (Olympus, Tokyo, Japan),

while manually measuring larger pieces of microplastic occurring in

the respective replicates by means of a caliper. The average particle

size (mean ± SD) was 737 mm  ± 71  and 615 mm  ± 47  for PE and
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PP, respectively. These mean values were well below the upper size

limit (5000 mm) in the definition of microplastic (Barnes

et al., 2009).
2.2 Seagrass site and sampling

Intact shoots with and without epiphytes, connected to a

rhizome fragment with several root bundles from eelgrass

(Zostera marina L.) were collected in mid-April 2022. The

sampling site was at Julebæk in Northern Zealand, Denmark

(56.058972863407355, 12.5759872939143) in shallow, brackish

water (salinity of ~20) at one meter depth. The mean seawater

temperature in April was ~10°C. The collected plant material was

transported to the Marine Biology Section in Elsinore (University of

Copenhagen, Denmark), where it was kept in a large, aerated

aquarium with water temperatures of ~16°C and a photon

irradiance of ~200 mmol photons m-2 s-1 (400-700nm) under a

light/dark cycle of 14:10 h, as provided by metal-halide lamps

(MEGACHROME, Giesesmann Aquaristic Gmbh, Nettetal,

Germany). Seagrass specimens were mounted onto 1.8-mL glass

vials filled with sand to keep them stationary and negatively

buoyant. The plants were then quickly divided and transferred

into the four different treatments with increasing MP

concentrations (i.e., 0, 25, 250 and 1000 mg MP L-1) and were

then cultured for two weeks prior to measurements under a photon

irradiance of ~350 mmol photons m-2 s-1, as provided by tungsten

halogen lamps (14h:10h light-dark cycle). The cultivation

conditions mimicked the in situ irradiance and temperature

conditions at our sampling site at the time of measurements

(Staehr and Borum, 2011).
2.3 Gas exchange measurements

Respiration and net photosynthesis rates were measured as

changes in O2 concentration in dark and light, respectively,

measured inside small closed glass vials containing either seagrass

leaf segments (with and without epiphytes) or separated epiphytes

originating from seagrass leaves. The dark respiration was

quantified through the net O2 exchange in darkness, and the net

photosynthesis under defined photon irradiance levels of 50, 100,

300 and 600 mmol photons m-2 s-1. We used 4 cm segments of

seagrass leaves with and without epiphytes, and separated epiphytes

scraped off the leaf surface with a scalpel; all from the same shoot to

conduct the gas exchange measurements. Each replicate was placed

in a measuring chamber (1.8 mL) equipped with an oxygen sensor

spot (OXSP5, PyroScience, GmbH, Aachen, Germany) and a small

magnet inside the chamber (used for providing water circulation).

To prevent mechanical interference from the magnets and damage

to the leaf segments and especially separated epiphytes, small pieces

of plankton nets (0.2 mm mask width) were placed above the

magnets inside each measuring chamber. All four measuring

chambers were positioned with the same distance to an adjustable

fiber-optic tungsten halogen lamp (KL-2500LCD, Schott GmbH,

Germany) with a trifurcated fiber bundle, each equipped with a
frontiersin.org
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collimating lens, to ensure that the PAR photon irradiance exposure

was the same for all investigated specimens. Prior to measuring,

pre-defined photon irradiance levels were established using a

calibrated irradiance meter (ULM-500, Walz GmbH, Effeltrich,

Germany) with a photon scalar irradiance sensor (3 mm

diameter) to determine lamp settings.

The chambers were placed inside an aquarium containing

deionized water to maintain a steady temperature inside the

chambers during light measurements. The temperature in the

aquarium ranged from 16-17°C during the measurements. Below

the aquarium, two magnetic stirrers (IKA Magnetic Stirrers RCT

basic, IKA®-Werke GmbH and Co. KG, Staufen, Germany) were

placed, along with stirring magnets inside the measuring chambers

they provided water circulation.

Each measuring chamber was connected to a 4-channel optical

O2 sensor system (FireSting-O2; FSO2-C4, PyroScience GmbH,

Aachen, Germany) through an optical fiber that read out the sensor

spot across the glass wall of the chamber. The sensor system was

connected to a PC running the PyroScience Oxygen Logger

software (PyroScience GmbH, Germany) that recorded O2

concentration versus time data, as well as the temperature in the

aquarium containing the measuring chambers. Each day, prior to

measurements, the four measuring chambers were calibrated by

sensor readings in two solutions with known oxygen levels: 0 and

100% air saturation. We used sodium sulfite (Na2SO3) for the 0% air

saturation calibration and filtered (0.2 μm), air saturated seawater

for the 100% air saturation calibration.

For each biological replicate, three leaf segments from one

seagrass specimen were chosen: One segment without visible

epiphytic biofilm (bare leaf, 40 mm length), one segment with

visible epiphytic biofilm (leaf with epiphytes, 40 mm length; 100%

areal epiphyte cover) and one segment wherefrom associated

epiphytes were scraped off with a scalpel (separated epiphytes,

originating from 40 mm leaf length with 100% areal epiphyte

cover; Figure 1). The seagrass leaves selected for the experiment

were visibly healthy (i.e., natural green appearance), excluding the

youngest and oldest leaves, and all leaf segments were cut from the

middle part of the leaf. This was done to minimize dissimilarities

such as age differences between the samples (Brodersen et al., 2020).

The chosen seagrass leaf segments and separated epiphytes were

placed inside the measuring chambers containing air saturated,

double filtered seawater (0.2 mm filter size), with a salinity of 20. For

each experimental run, there were samples from all leaf community

types (i.e., bare leaf, leaf with epiphytes, and separated epiphytes),

and a control (i.e., empty measuring chamber). For each MP

treatment (i.e., 0, 25, 250 and 1000 mg MP L-1), four biological

replicates were done for the gas exchange experiment (n = 4). The

specimens were exposed to alternate dark/light cycles at increasing

photon irradiances (50, 100, 300, and 600 mmol photons m-2 s-1).

For each photon irradiance, the plants were exposed to a 10 min

dark period and a 10 min light period. Each experimental run

started and ended in darkness. Prior to measurements, the plants

were acclimated to total darkness for 10 min to ensure the first

measurements accurately represented the dark respiration. This

initial dark period lowers the O2 concentration in the measuring

chambers to ~70-80% air saturation, which furthermore ensures
Frontiers in Marine Science 04
that the oxygen levels inside the chambers seldom exceeds 100% air

saturation during the O2 flux measurements in the following 10 min

light/dark periods and thus that the leaves are not likely carbon

limited, assuming a photosynthetic quotient of 1 mol O2 produced

per mol CO2 fixed.

After each experimental run, the seagrass leaf segments with

and without epiphytes and separated epiphytes were transferred to

plastic weighing trays, which were placed in a drying oven (60°C)

for 24-48 hours prior to measurements. These weight data were

used to weight-normalize data and obtain photosynthesis and

respiration rates per gram dry weight (g DW-1). The control

chambers did not show any change in O2 concentration during

the experiments, and thus showed that no undesired production or

consumption of O2 occurred within the measuring chambers.
2.4 pH drift measurements

To determine whether seagrass leaves and their associated

epiphytes were able to utilize bicarbonate as an inorganic carbon

source (DIC) during exposure to MP and MP leachates, final pH

measurements were performed in accordance with Brodersen et al.

(2020). A final pH of >9 indicates the ability to use bicarbonate as an

inorganic carbon source (Borum et al., 2016). For each treatment

(i.e., 0, 25, 250 and 1000 mg MP L-1), a total of four biological

replicates were done (n=4). Within each biological replicate, three

different leaf community types were measured, i.e., leaf without

visible epiphyte cover (bare leaf, 60 mm segments), leaf with visible

epiphyte cover (leaf with epiphytes, 60 mm segments), and

epiphytes scraped from the leaf surface (separated epiphytes,

derived from 60 mm segment). Following sampling, every

replicate and leaf community type was transferred into separate

Falcon tubes (50 mL) with 35 mL of filter-sterilized (0.2μm)

seawater with a salinity of 20, leaving a small headspace to

minimize possible photorespiration; in accordance with Borum

et al. (2016). A separate control sample was run as well (n = 4),

making a cluster containing a total of 16 Falcon tubes per treatment.

Clusters of Falcon tubes were connected using duct tape, and

incubated at saturating light levels (~500 mmol photons m-2 s-1)

using tungsten halogen lamps similar to the ones used for the MP

treatments. Light levels at the incubation site were determined using

a photon scalar irradiance sensor connected to a universal light

meter (ULM-500, Walz GmbH, Effeltrich, Germany). Incubations

were initiated jointly with the equivalent gas exchange

measurements; this was done to ensure the same MP exposure

time (i.e., 14 d) and experimental time-period for each treatment.

Each cluster of Falcon tubes was incubated for 48 h, before final pH

measurements were performed. The combination of 48 h

incubation and 6 cm fragments were chosen as a suitable time-

period/fragment size, after testing several time/fragment

combinations (i.e., 36 h/4 cm, 48 h/4 cm and 48 h/6 cm) for

stable maximum pH values. pH levels were measured for each

sample using a pHminisensor (BlueLine pH combination electrode,

SI Analytics GmbH, Mainz, Germany) connected to a pH meter

(PHM220 Lab pH Meter, Radiometer Analytical SAS, Lyon,

France). Prior to measurements, the pH meter was calibrated
frontiersin.org
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using pH 7 and pH 10 buffers (VWR Chemicals, Pennsylvania,

United States).
2.5 Variable chlorophyll fluorescence
imaging

The maximal quantum yield of photosystem II (FV=FM) was

measured on seagrass leaf segments as a proxy for their

photosynthetic capacity (Murchie and Lawson, 2013). For this, we

applied the saturation pulse method using a variable chlorophyll

fluorescence imaging system (IMAGING-PAM M-series, MINI

Version, Walz GmbH, Effeltrich, Germany; Ralph et al., 2005),

which was connected to a PC running ImagingWin Software (Walz,

GmbH, Effeltrich, Germany). For each biological replicate (n = 4) of

any given treatment, two samples were imaged: a 4 cm leaf segment

with epiphytes and one leaf segment without (bare leaves). The two

samples were mounted with tape beside each other in a petri dish

and kept in seawater (salinity of 20). The petri dish containing the

two leaf community samples was then placed in the Imaging-PAM

setup. Prior to imaging, the samples were dark-acclimated for 10

minutes (Beer and Björk, 2000; Brodersen et al., 2015b). The

acquisition settings of the ImagingWin software were adjusted to

avoid any actinic effect of the measuring light, giving a minimum

fluorescence yield of ~0.1 in darkness and avoiding overexposure of

the leaf segments and the associated epiphyte community during

the saturation pulse measurement. After imaging, FV=FM values
Frontiers in Marine Science 05
were extracted from defined regions of interest using the

ImagingWin software, utilizing nearly all the leaf tissue surface

area to get the most accurate chlorophyll fluorescence readings.
2.6 Data analysis and calculations

Net photosynthesis was calculated by multiplying the linear

slopes of the O2 vs time curve (nmol O2 L-1 h-1; extracted from

approx. the 5-9 min time interval after exposure to the given light

conditions, R2 values ≥ 0.95) for each light condition (i.e., 50, 100,

300 and 600 mmol photons m-2 s-1) with the volume of the

measuring chamber (1.8 mL) and divided by the dry weight of

the sample (g DW). Respiration rates were calculated in a similar

way by selecting linear slopes on the O2 vs time curve (nmol O2 L
-1

h-1) representing the initial dark-acclimation period (i.e., dark

respiration) and for each post-illumination dark-period (i.e., here

used as a proxy for light respiration rates at the investigated light

conditions). Gross photosynthesis was calculated for each

irradiance level by adding together the respective net

photosynthesis rate and the absolute value of the respective

respiration rate (i.e., as determined for the initial dark-period as

well as each post illumination dark-period):

   GP(E) = NP(E) + R(E)j j (1)

Photosynthesis vs. irradiance curves were fitted to exponential

models using non-linear curve fitting in the software Origin Pro
FIGURE 1

Experimental design. Seagrass illustrations originate from the IAN/UMCES symbol and image libraries (Diana Kleine, Marine Botany UQ
(ian.umces.edu/media-library)).
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2017 (Origin Lab Corporation, Northampton MA, United States).

For the GP vs. irradiance curves, an exponential saturation model

was fitted (Webb et al., 1974):

 GP   (E) = GPMAX*(1 − exp ( − a*
E

GPMAX
))   (2)

A similar model was used for the NP vs. irradiance curve fits,

with an added term “R”, to account for respiration, in accordance

with Spilling et al. (2010):

NP   (E) = NPMAX*(1 − exp ( − a*
E

NPMAX
)) + R(E)   (3)

In the abovementioned saturation models, GPMAX or NPMAX is

the maximal photosynthetic activity at light saturation, a is the light

utilization efficiency (i.e., the initial slope of the photosynthesis

versus irradiance curve) and R(E) is the respiration rate at the

respective photon scalar irradiance. These photosynthetic

parameters were all derived from the net photosynthesis (NP)

saturation models for bare seagrass leaves, leaves with epiphytes

and separated epiphytes. All fitted exponential saturation models

provided R2 values >0.9 and p ≤ 0.05 (i.e., statistically significant at

the 5% significance level), and therefore all fits and their derived

photosynthetic parameters were accepted for further analysis. For

additional information on statistical analysis of all the exponential

saturation models, please see the Supplementary Materials: General

Notes and Tables S1-24.

To further evaluate potential effects of microplastics and

microplastic leachates on seagrass and their associated epiphytes

photosynthetic performance. EK , the photon scalar irradiance at the

onset of light saturation, and EC , the compensation irradiance, i.e.,

the photon scalar irradiance at which a zero net O2 production is

obtained (NP = 0) were calculated for all three leaf sample types

(i.e., bare leaf, leaf with epiphytes and separated epiphytes) and

plotted against the microplastic concentration (mg MP L-1). EK was

calculated as:

  EK =
NPMAX

a
(4)

and EC was determined as:

Ec=NPMAX*LOG10((1+R=NPMAX)=−a) (5)

To estimate the net daily oxygen production, DP, of seagrass

leaves and epiphyte communities we assumed a light/dark exposure

of 14/10 h, which is a realistic daily light cycle in mid-April (Staehr

et al., 2018). The 14-h exposure was divided into 7 intervals lasting

2 h (i.e., 5-7, 7-9, 9-11, 11-13, 13-15, 15-17, 17-19). A mean photon

irradiance was calculated for each time interval and used with the

Spilling equation (3) to determine the net photosynthesis. The diel

photon irradiance was derived from Staehr et al. (2018). We then

calculated the net daily oxygen production (DP) of seagrass leaves

and epiphyte communities as a function of increasing microplastic

concentration, using NP(E) as the net oxygen production at a given

mean photon irradiance, (R) the dark respiration rate multiplied by

10 hours, and t, the different predefined time intervals (Hansen

et al., 2022):
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 DP = (o
t=7

t=1
NP(E)) − (R   x   10)   (6)

To make final pH and FV=FM curves, we calculated mean values

using all four replicates of any given treatment. The means were

plotted into Origin Pro 2017 to make FV=FM vs. MP and final pH

vs. MP concentration curves, respectively. For the final pH curves,

means for leaves with and without epiphytes, as well as, separated

epiphytes were used, whereas in the FV=FM curves, only the means

of leaf segments with and without epiphytes were used (as only

these two sample types were utilized during the PAM

imaging process).
3 Results and discussion

We present first evidence that microplastic particles (PE and

PP) have limited effects on the photosynthetic performance of Z.

marina leaves and their associated epiphytic communities, and thus

indicates relatively high resilience against short-term exposure to

high concentrations of microplastics . However, some

photosynthet ic parameters such as the maximal net

photosynthesis and especially the dark respiration rate were both

negatively affected in bare seagrass leaves at very high

microplastic concentrations.
3.1 Maximum PSII quantum yield

The obtained FV=FM values showed a difference between the

bare seagrass leaves and the leaves with epiphyte cover, with bare

leaves having a higher FV=FM ratio (~0.73) compared to the leaves

with epiphytic cover (~0.64) (Figure 2A). Such photosynthetic

capacity of bare seagrass leaves is in line with other studies, that

show a similar value (Yang et al., 2017). The lower FV=FM of leaves

with epiphytes is to be expected, as it represents a mixed signal

between the seagrass leaf and the associated epiphytes. Generally,

there were only minor differences in the obtained FV/FM values

between the different microplastic treatments (Figure 2A).

However, we found a decrease in the FV=FM ratio for leaves with

epiphytes incubated with 25 mg MP L-1 when compared to the

control (Student’s t-test: p = 0.002; Figure 2A). In addition, there

was an approximate increase of 3% in the FV=FM ratio for bare

leaves cultured at 250 and 1000 mg MP L-1 compared to the control

(p = 0.03 and p = 0.103, respectively; Figure 2A). Although there

were minor changes in FV=FM ratios, these remained within normal

fluorescence values for seagrass leaves (Prange and Dennison, 2000;

Yang et al., 2017). Therefore, our results do not indicate a negative

effect of short-term microplastic exposure on the capacity of

photosystem II in seagrass leaves and associated epiphytes.

The common plastic additive Bisphenol A (BPA) has been

found to decrease the effective quantum yield of photosystem II and

increase the level of reactive oxygen species in seagrass leaves

(Adamakis et al., 2021). However, we did not investigate the

presence of BPA in the plastic polymers used for this study. In

effect, plastic products containing high amounts of BPA might thus
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have given a different FV=FM response. Furthermore, no

microplastic particles were observed directly on the leaf samples

used for variable chlorophyll fluorescence imaging, although this

could be due to handling and processing, washing off any particles

present. Other studies from Northern Europe found microplastic

adhering to nearly every leaf examined (Jones et al., 2020). Hence,

adherence is to be expected in situ, possibly altering the local FV=FM
ratio due to effects of shading and possible contamination.
3.2 Final pH

A final pH above 9 was found in Z. marina leaves with and

without epiphytes for all microplastic and control treatments

(Figure 2B). In accordance with previous studies, this

demonstrates that Z. marina can utilize HCO−
3 as an inorganic

carbon source (Beer and Rehnberg, 1997; Brodersen et al., 2020;

Hansen et al., 2022). Additionally, our pH drift curves showed no

profound changes in any of the microplastic treatments for leaves

with and without epiphytes. Therefore, short-term microplastic

exposure did not affect the ability to utilize bicarbonate via

carbon concentrating meachanisms (CCM). CCM’s are energy-

dependent processes (Larkum et al., 2017), which have been

shown to be compromised in stress related scenarios, such as

excessive heat exposure (Hansen et al., 2022). For separated

epiphytes, the final pH was below 9 for nearly all treatments

(Figure 2B). In general, this is in accordance with previous studies

showing ineffective CCM’s in filamentous algae (i.e., similar to the

seagrass microalgal epiphyte community, which largely consists of a

mixture of brown algae, green algae, and diatoms, including several

filamentous microalgae (Borum et al., 1984)) (Hepburn et al., 2011;

Raven et al., 2011). Specimens cultured at 250 mg MP L-1 reached a

final pH above 9, but these measurements showed a large variability

(Figure 2B). This might be explained by the diversity of algal

communities on seagrass leaves (Borum et al., 1984), and the

varying ability to utilize HCO−
3 among microalgal epiphytes

(Tortell et al., 1997; Hepburn et al., 2011; Raven et al., 2011).
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3.3 Photosynthesis and respiration

The gross photosynthesis (Figure 3A–L) increased with

increasing photon scalar irradiance until saturation and was the

highest for bare seagrass leaves exposed to 250 mg MP L-1

(Figure 3G), and lowest for separated epiphytes cultured at 25 mg

MP L-1 (Figure 3F). There was a decrease in the respiration rates

with increasing photon scalar irradiance for most specimens, except

in separated epiphytes that remained relatively stable throughout all

treatments. The net photosynthesis rate (Figures 3A–L) of all

specimens also increased with increasing photon scalar irradiance,

until saturation. The highest net photosynthesis rate was found in

bare leaves exposed to 250 mg MP L-1 (Figure 3G) and the lowest

was found in separated epiphytes exposed to 25 mg MP L-1

(Figure 3F). In general, all separated epiphyte samples exhibited

low photosynthetic activity, which could indicate a high proportion

of heterotrophic bacteria and dead or inactive algal biomass in the

leaf epiphytic biofilm.

Maximal net photosynthesis rates (NPmax) were generally lower

for leaves with epiphytes compared to the bare seagrass leaves

except for specimens exposed to 1000 mg MP L-1 (Figure 4A).

Previous studies have shown lower photosynthetic activity for

leaves with epiphytic cover, due to a thicker diffusive boundary

layer (DBL) limiting gas and nutrient exchange with the

surrounding water-column (Brodersen et al., 2015a; Brodersen

et al., 2020; Noisette et al., 2020). NPmax for bare seagrass leaves

exposed to 1000 mg MP L-1 decreased ~30% compared to the

control (Figure 4A). This is in line with studies showing that

microplastics can inhibit the photosynthetic machinery of several

algal species (Tetu et al., 2019; Dong et al., 2021).

Leachates from microplastics can inhibit photosynthesis and

growth in cyanobacteria (Tetu et al., 2019), and in a study on the

freshwater green alga Chlamydomonas reinhardtii, polystyrene

microplastics caused photosynthetic inhibition, repressed

RUBISCO activity and reduced respiration (Dong et al., 2021).

Although these studies focused on microalgae, a similar response

could occur in bare seagrass leaves at the highest microplastic
BA

FIGURE 2

(A) Variable chlorophyll fluorescence of Z. marina. FV=FM ratios as a function of increasing microplastic concentration (0, 25, 250, and 1000 mg MP
L-1). Measurements were conducted on seagrass leaves with (red line) and without epiphytes (green line). Symbols with error-bars represent mean
values ± SEM. Four biological replicates (n = 4). (B) Final pH values of Z. marina as a function of increasing microplastic concentration (0, 25, 250,
and 1000 mg MP L-1). Measurements were conducted on seagrass leaves with (red line) and without epiphytes (green line), as well as on separated
epiphytes (blue line). Symbols with error-bars represent mean values ± SEM. Four biological replicates (n = 4).
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concentration. An additional explanation to the determined

decrease in NPmax for bare seagrass leaves exposed to 1000 mg

MP L-1 could relate to heavy metals such as copper that might

adhere to the microplastic surfaces. Copper has been shown to have

acute toxic effects on other seagrass species, dramatically decreasing

the photosynthetic capacity and increasing the amount of reactive

oxygen species in the leaf tissue (Buapet et al., 2019). However, we

found no significant negative effect of microplastics on the
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photosynthetic capacity (Fv/Fm) of Z. marina (Figure 2A). For

seagrass leaves with epiphytes, there was a marked decrease in

NPmax from the control to microplastic concentration exposures of

25 and 250 mg MP L-1, which ceased at 1000 mg MP L-1 where

NPmax was similar to the control (Figure 4A). Thus, we found no

clear evidence of microplastic-induced reduced photosynthesis in

leaves with epiphytes, as the NPmax at the highest concentration of

microplastic exposure was relatively unaffected.
B C
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FIGURE 3

(A-L) Respiration, net and gross O2 production as a function of photon irradiance in Z. marina leaves with and without epiphytes, as well as
separated epiphytes under different microplastic exposure. The different microplastic treatments were control (A–C), 25 mg MP L-1 (D–F), 250 mg
MP L-1 (G, H, I) and 1000 mg MP L-1 (J–L). Black symbols and lines represent respiration. Blue symbols and lines represent net photosynthesis.
Green symbols and lines represent gross photosynthesis. Grey graphs (C, F, I, L) show different y-axis scaling, as epiphyte values were markedly
lower. Symbols with error bars show the mean values ± SEM. Four biological replicates (n = 4). The non-linear regression curve fits all had an
R2

≥ 0.90 and p ≤ 0.05 (see Supplementary Methods, Table S1-S24).
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It has been suggested that decreased epiphyte activity due to

microplastic contamination could be beneficial to seagrasses

(Gerstenbacher et al., 2022), as epiphytes are competing with

seagrasses for nutrients and light (Brodersen et al., 2015;

Brodersen et al., 2020; Brodersen and Kühl, 2022). In line

with this, other studies on microalgae show inhibitory effects

on growth and photosynthesis when exposed to high

microplastic concentrations (Tetu et al., 2019; Dong et al.,

2021). However, we found no clear evidence regarding NPmax

and short-term microplastic exposure for separated epiphytes, and

there was no apparent correlation between microplastic exposure
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and photosynthetic activity for leaves with epiphytes and

separate epiphytes.

The dark respiration for bare seagrass leaves was reduced by

~50% in the 1000 mg MP L-1 treatment compared to the control

(Figure 4B). Additionally, separated epiphytes showed a decrease in

dark respiration from the control to 1000 mg MP L-1 of ~30%

(Figure 4B). A pronounced decrease in dark respiration for leaves

with epiphytes was observed, from the control to the 25 mg MP L-1

treatment of ~40% (Figure 4B). However, at a microplastic

concentration of 1000 mg MP L-1, the dark respiration was

approximately the same as in the control treatment. Microplastics
B

C D

E

A

FIGURE 4

(A) Maximum photosynthetic rate (NPMAX ), (B) dark respiration (R), (C) light utilization efficiency (a), (D) photon irradiance at the onset of
photosynthesis saturation (Ek) and (E) compensation photon irradiance (Ec) as a function of increasing microplastic concentrations (0, 25, 250, and

1000 mg MP   L−1). Green symbols and lines show bare seagrass leaves. Red symbols and lines show leaves with epiphytes. Blue symbols and lines
show separated epiphytes. In subfigures (A-C), areas in gray show a different scale on the y-axis, as values for separate epiphytes were markedly
lower. Symbols with error bars represent mean values ± SEM. Four biological replicates (n = 4).
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have previously been shown to inhibit respiration in microalgae

(Dong et al., 2021). The measured decrease in respiration rates

might therefore be caused by respiratory inhibition in the seagrass

leaf and/or its associated microbiome. For example, some strains of

diazotrophic bacteria can be negatively affected by high

concentrations of microplastics (Fernández-Juárez et al., 2021).

Seagrasses host diverse communities of epiphytic bacteria that are

highly active (i.e., can display similar respiration rates as bare seagrass

leaves and can produce high amounts of toxic nitric oxide within

hypoxic/anoxia phyllospheres via incomplete denitrification; Larkum

et al., 2018a; Brodersen and Kühl, 2022; Hansen et al., 2022) and a

large proportion of the observed respiratory drop may thus be

assigned to the impairment of leaf resident bacteria. Impaired

photosynthesis in the seagrass leaf (i.e., NPmax; as seen in

Figure 4A) might also decrease the amount of photosynthate

excretions available for bacteria in the seagrass phyllosphere (see

e.g., Moriarty et al., 1986; Pollard and Moriarty, 1991), resulting in

reduced bacterial respiration. For seagrass photosynthesis, nitrogen is

a limiting factor (as photosynthesis is a nitrogen demanding process,

needing nitrogen for enzyme synthesis) and the ability to produce

carbohydrates for mitochondrial respiration depends on it (Amthor,

1995). A decrease in NPmax, as shown for the highest microplastic

concentration, and potential stimuli of microorganisms facilitating

nitrogen uptake through the leaves, might therefore also to some

extent help explain the observed decrease in respiration.

Short-term microplastic exposure showed no profound effect on

the light utilization efficiency (a) expect for bare seagrass leaves

exposed to 250 mg MP L-1, where the light utilization efficiency

increased markedly compared to the control (Figure 4C). The light

utilization efficiency was lowest for separated epiphytes (Figure 4C).

In general, the light utilization efficiency of the leaf is expected to be

higher for bare seagrass leaves compared to leaves with epiphytes, as

epiphyte-cover reduces the light quality and quantity reaching the leaf

surface (Brodersen et al., 2015a). However, this was not observed in

our study, and might be explained by a relatively thin epiphyte-cover,

as the sampled plants were collected early in the season for leaf

epiphytic blooms (Borum et al., 1984). Finally, the light utilization

efficiency of leaves with epiphytes was higher than that of the bare leaf

in the 1000 mg MP L-1 treatment, possibly due to reduced

competition with associated microalgal epiphytes, caused by

leachate-related impairment (Tetu et al., 2019); in combination

with a prior shade-induced optimization of the leaf photosynthetic

apparatus for limiting light conditions (via the epiphyte cover), such

as increased total chlorophyll and antenna chlorophyll to PSII in

leaves (e.g., Ralph et al., 2007; Larkum et al., 2018b).

The photon irradiance at the onset of photosynthesis saturation

(EK ) decreased for seagrass leaves with and without epiphytes with

increasing microplastic concentrations, while the epiphyte EK
increased (Figure 4D). The bare leaf EK decreased by ~50% in the

1000 mg MP L-1 treatment compared to control, and the leaf with

epiphyte EK decreased by ~25%. The EK for separated epiphytes

increased ~40% from the control to the 250 mg MP L-1 treatment,

and about 25% in the 1000 mg MP L-1 treatment compared to the

control. Effectively, this means that leaves with and without epiphytes

in the 1000 mg MP L-1 treatment required less photon irradiance to

reach the onset of photosynthesis saturation than that of the control,
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and the epiphytes required more light. The changes in saturation

irradiance were most likely caused by fluctuations in the maximal net

photosynthesis rates, NPmax (Figure 4A), as the light utilization

efficiency in general did not change substantially (Figure 4C).

The compensation irradiance (EC), i.e., the photon irradiance at

which a net zero oxygen balance is obtained, generally decreased for

all specimens with increasing microplastic concentration

(Figure 4E). Bare leaf EC was affected the most, decreasing by

~50% compared to the control treatment, which fitted well with the

comparable reduction in dark respiration. In the control treatment,

bare leaves and separated epiphytes had similar compensation

photon irradiances, in contrast to in leaves with epiphytes where

compensation irradiances were markedly lower. Thus, a lower

photon irradiance was generally needed for all specimens to

retain a positive oxygen balance with increasing MP

concentrations due to the reduced respiration rates. We expected

seagrass leaves with epiphytes to have higher compensation

irradiances than bare leaves, due to the impediment of light

availability and gas exchange with the surrounding environment

caused by the epiphytes (Brodersen et al., 2015). However, this was

not the case in our study and might be explained by thin epiphytic

cover on most of the sampled plants, as they were collected early in

the season for epiphytic blooms (Borum et al., 1984). Altogether,

bare seagrass leaves were affected the most by microplastic exposure

as seen in the major decrease in both EK and EC , which was largely

driven by the decrease in the photosynthetic activity (i.e., NPmax)

and respiration rate. Lower O2 consumption within the

phyllosphere, possibly caused by respiratory inhibition of

seagrasses and the associated epibiome (Dong et al., 2021), can

thus reduce the irradiance level needed to attain a positive oxygen

balance in microplastic exposed Z. marina plants.
3.4 Diel oxygen budget of seagrass leaves
and epiphyte communities

The estimated net diel oxygen budget (Figure 5) provides insight

into the O2 balance of the bare seagrass leaves, leaves with epiphytes

and separated epiphytes exposed to increasing microplastic

concentrations, assuming a 14/10h light/dark-cycle. For all

specimens, there was an increase in the net diel oxygen production

of the seagrass leaves and epiphyte communities from the control to

the microplastic treatments. Leaves with and without epiphyte cover

had the highest net diel oxygen production and remained in surplus

throughout all microplastic treatments (Figure 5). Separated

epiphytes in the control and the 25 mg MP L-1 treatment, had a

slightly negative net diel oxygen balance (Figure 5). However, at

microplastic concentrations of 250 and 1000 mgMP L-1, there was an

oxygen surplus (Figure 5). The net diel oxygen production of

separated epiphytes was markedly lower than leaves with and

without epiphytes. In other studies on seagrass photosynthetic

rates, net diel oxygen production of epiphytes was dominant

compared to seagrass leaves with and without epiphytes (Hansen

et al., 2022). In this study, the lower performance of separated

epiphytes was most likely caused by a dead/inactive leaf epiphytic

biofilm with relatively high biomass of heterotrophic bacteria.
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The general increase of net diel oxygen production of leaves and

epiphyte communities with microplastic exposure is in accordance

with the observed drop in dark respiration, EC and EK . Lowered

respiratory demands reduces the amount of produced oxygen needed

to attain a net zero oxygen balance, and a lower compensation- and

saturation irradiance reduces the amount of light needed to achieve

this oxygen status. The increase in net diel oxygen production is

therefore to a lesser extent due to increased photosynthetic activity or

capacity (as seen in NPmax and FV=FM), but rather a result of the

pronounced decrease in dark respiration rates. We speculate that this

decrease in dark respiration could be related to a combination of: (i)

respiratory inhibition of seagrass and associated epiphytes as

previously shown in microalgae (Dong et al., 2021), and (ii) a

decrease in the microbial respiration as microplastic previously has

been shown to negatively affect bacteria that could be associated with

seagrasses (Fernández-Juárez et al., 2021). Seagrasses rely on diffusion

for gas exchange (Kuo and Hartog, 2006); therefore, the decreased

respiration within the phyllosphere might improve the internal plant

aeration and thus increase the radial oxygen loss (ROL) into the

sediment and thereby the below-ground tissues oxidation capacity

(Brodersen et al., 2017; Brodersen et al., 2018). However, such

increase in DP might only benefit seagrass health and performance

when living under environmental stress conditions increasing the risk

of inadequate internal aeration (such as water deoxygenation during

night-time). Furthermore, if part of the decrease in respiration can be

attributed to decreased bacterial activity, of which some are

important for seagrass nutrient acquisition (Capone, 1977; Larkum
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et al., 2018a), this might influence nutrient availability. As seagrasses

can be limited by nitrogen (Amthor, 1995), this could reduce growth

and performance in the long-term. In addition, it is important to

emphasize that these measurements represent DPs of leaves and

epiphyte communities, and thus do not account for the respiratory

demand of non-photosynthetic seagrass tissues (such as rhizome and

roots) that can account for 30-80% of the total plant biomass

depending on species (Shafer and Kaldy, 2014).
3.5 Implications of microplastic
contamination on seagrass ecosystems

Our results indicate resilience toward short-term, acute

microplastic exposure on seagrass leaves and their associated

epiphytic communities. To further evaluate microplastic effects on

seagrasses, investigations on different microplastic types need to be

performed. Long-term exposure of seagrass leaves to microplastic

pollution should also be conducted, thus enabling leaf exposure to

higher concentrations of leaching/vectored contaminants, as well as

potential microplastic adhesion to leaf and epiphyte tissue surfaces.

Although microplastic pollution is mostly fluctuating in the

water-column owing to the largely positive buoyancy of particles,

thus mainly exposing coastal marine organisms to microplastics

for short time periods. However, within seagrass meadows

prolonged exposure can also be expected owing to the

pronounced sedimentation effect caused by the dense leaf canopy
FIGURE 5

The net daily oxygen production as a function of increasing microplastic concentrations (control, 25, 250, and 1000 mg MP L-1) of the leaf and
epiphyte communities. Blue bars represent epiphytes originating from Z. marina leaves. Red bars represent Z. marina leaves with epiphyte cover.
Green bars represent bare Z. marina leaves. The net daily oxygen production was estimated from previously fitted exponential saturation models

(n = 4) at increasing microplastic concentrations (Figure 3, all with R2 ≥ 0.90 and p ≤ 0.05) using a14 h:10 h light/dark cycle measured in situ (Staehr
et al., 2018). The black line at y = 0 demonstrates a neutral carbon balance. Slightly different scaling on the y-axis below y = 0, is due to markedly
lower values for separate epiphytes.
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(Huang et al., 2020; Jones et al., 2020). Furthermore, it has been

suggested that seagrass beds provide a novel ecosystem service by

trapping microplastic (Huang et al., 2020). Microplastics can thus

accumulate in the sediment of seagrass meadows (Huang et al.,

2020; Jones et al., 2020), in which diazotrophs important for carbon

and nutrient recycling reside (Welsh, 2000; Nielsen et al., 2001;

Larkum et al., 2018a). Some strains of diazotrophic bacteria can be

negatively affected by microplastics (Fernández-Juárez et al., 2021).

Similar impairment of seagrass sediment diazotrophs might

therefore upset the nutrient and carbon balance in situ, and

adversely affect the performance of seagrass meadows. Therefore,

future investigations on seagrass sediment and bacterial activity

could be vital to understand the full extent of microplastic

contamination in seagrass ecosystems. Recent studies have even

suggested that microplastic trapping adds to the carbon

sequestration pool of seagrass meadows (Huang et al., 2020).

However, this novel ecosystem service of microplastic trapping

might adversely affect organisms associated with seagrasses, such as

sediment infauna. Seagrass beds are considered biodiversity

hotspots that many organisms live- and feed on (Nordlund et al.,

2018) and seagrasses have therefore been identified as potential

vectors for microplastics entering the food web (Goss et al., 2018).

Thus far, studies have found microplastic ingestion in many marine

organisms (Wright et al., 2013; Ivar do Sul and Costa, 2014), but the

long-term effects remain unclear. Therefore, elucidating the effects

of microplastic on marine flora and fauna associated with seagrass

beds, as well as the role of seagrasses in transferring microplastic

into the food web, still needs to be studied in detail.
4 Conclusions

This study presents first experimental evidence that short-term

exposure to microplastic (PE and PP) has limited effects on the

seagrass Z. marina and its associated epiphytes. The photosynthetic

capacity and efficiency of seagrass leaves and their associated

epiphytes were not adversely affected at the concentrations and

types of microplastics used here. Seagrasses in all treatments were

able to utilize bicarbonate and CCMs were not affected by

microplastics. The photosynthetic activity of bare seagrass leaves

markedly decreased at very high microplastic concentrations, as

opposed to leaves with epiphyte cover and epiphytes themselves

possibly due to toxic leachates and heavy metal adsorption abilities

of microplastic particles that have previously been shown to have

detrimental effects on other photosynthetic organisms. Dark

respiration decreased for nearly all specimens at high microplastic

concentrations, and we speculate this decrease to be caused by

leachate-related respiratory inhibition in seagrasses and/or leaf

resident microbes. Respiration constitutes series of enzyme-driven

reactions that allow seagrass to convert stored carbohydrate energy

(e.g., in the rhizome) made by photosynthesis into energy they can

utilize for important metabolic processes and growth, therefore
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such marked reductions in rates of respiration may affect seagrass

growth and performance in the longer perspective. However, in this

study where we used leaf segments the reduced respiration rates

were rather related to reduced maintenance processes (e.g., protein

synthesis, replacement of disassembled proteins after damage and/

or recovery of leaked solutes), or at least in part to reduced energy

(respiratory substrates) by e.g., routing through the alternate

oxidase after mitochondrial redox complexes (Rasmusson et al.,

2017). The decrease in dark respiration also caused a decrease in

the compensation irradiance and increased the surplus of the net

diel oxygen production. However, this may not benefit seagrass

health and performance in the long term if important symbionts

disappear from the leaf surface. Microplastic contamination is a

novel threat to marine ecosystems, and our findings improve the

still scarce knowledge base of seagrass-microplastic interactions.

While Z. marina exhibited high resilience toward microplastic

contamination, except at very high concentrations that remain

unlikely in the natural environment, seagrass beds can trap

microplastic particles with potential negative consequences for

seagrass-associated organisms. But such negative effects of

microplastic accumulation in seagrass meadows remain to

be demonstrated.
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