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Abstract
Reduced light availability is a leading cause of seagrass declines worldwide. Light deficiency can be chronic or episodic, where
pulsed light stress is punctuated by periods of optimal light. Seagrass resilience to light stress is likely modulated by the durations
of light stress and the level of light reduction, yet remains poorly understood. We used a laboratory experiment to examine the
response and recovery of Zostera marina to 16 weeks of three types of light disturbance: (i) continuous (C; constant shade), (ii)
episodic low (EL; cycles of 4 days shade:3 days no shade), and (iii) episodic high (EH; cycles of 12 days shade:2 days no shade),
each implemented at three shade levels (40, 60, and 80% shade). Declines in shoot density and biomass began after 8 weeks and
were highest in C and EH disturbance in 60 and 80% shade. Declines wereminimal in 40% shade across all light disturbances and
in EL across all shade levels. Sheath length responded mainly to shade level, initially increasing in 60 and 80% shade before
decreasing. Rhizome carbohydrates initially declined in all light disturbances with 80% shade but did so earlier in C and EH
disturbance, and then increased once shoot density decreased. When ambient light was restored, physiological measures recov-
ered, but shoot density, biomass, and morphology did not. Our study showed that shade level strongly modulated Z. marina
responses to light disturbance. Not only will chronic high light reduction have negative impacts but pulsed light disturbance can
as well, especially when light-stress periods are long and light reduction high.
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Introduction

Light availability is an important environmental factor that
influences the distribution and performance of seagrasses, in
part because of their high light requirement relative to other
aquatic primary producers (Duarte 1991; Lee et al. 2007).
Reduced light availability has played an important role in
the decline of global seagrass coverage over the last century
(Short and Wyllie-Echeverria 1996; Orth et al. 2006; Waycott
et al. 2009), with both chronic and episodic light disturbance

being relevant. Chronic light reduction occurs when sub-
optimal light conditions for seagrasses persist over long pe-
riods of time (months or longer), with no opportunity for re-
covery (Yaakub et al. 2014). Episodic light reduction is char-
acterized by repeated cycles of pulsed light reduction events
intermittent with periods of optimal light conditions (Ralph
et al. 2007; Biber et al. 2009). Although seagrasses can accli-
mate to low light conditions by changing their morphology,
physiology, biomass, and use of nutrient reserves (Touchette
and Burkholder 2000; Lee et al. 2007), plant responses to light
stress have mostly been evaluated under chronic light distur-
bance, despite episodic light reduction being common in the
nearshore. Understanding seagrass resilience (i.e., their
resistance and recovery; Unsworth et al. 2015) to different
patterns in light delivery would allow better management of
nearshore human activities to improve underwater light avail-
ability and outcomes for seagrasses.

Chronic light reduction in the water column typically re-
sults from long-term nutrient loading that promotes growth of
algae (Valiela et al. 1997; Hauxwell et al. 2003), overhead
structures such as docks or aquaculture cages that shade the
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sea bottom (Burdick and Short 1999; Skinner et al. 2013;
Eriander et al. 2017), or persistent elevated water turbidity
from eutrophication, runoff, or re-suspended bottom sedi-
ments (Giesen et al. 1990; Moore et al. 1997). In contrast,
episodic light disturbance results mainly from pulsed water
turbidity events related to periodic storms, runoff, wind
events, or anthropogenic activities (e.g., dredging).
Seagrasses employ several strategies to maintain carbon bal-
ance during low light conditions caused by both chronic and
episodic light disturbance. They can increase chlorophyll con-
centration and decrease chlorophyll a to b ratio and maximum
electron transport rate to maintain photosynthesis (Ralph et al.
2007; Ochieng et al. 2010; McMahon et al. 2013). They can
also maintain carbon balance by reducing growth, leaf length,
number of leaves, and shoot density (Ralph et al. 2007; Lee
et al. 2007; McMahon et al. 2013) and by mobilizing stored
non-structural carbohydrates (Alcoverro et al. 1999).

Although seagrasses will adjust their growth, morphology,
and physiology in response to light stress, their ability to per-
sist in low light conditions also depends on the nature of the
light reduction events. Studies have shown that extreme
chronic shading (≤ 10% of surface irradiance) over prolonged
periods of time (≥ 3 months) has severe consequences for
various seagrass species (Bulthuis 1983; Fitzpatrick and
Kirkman 1995; Lavery et al. 2009; Kim et al. 2015). In these
conditions, physiological and morphological changes are not
adequate to maintain carbon balance and carbohydrate re-
serves are exhausted, resulting in plant mortality. With less
extreme shading (10–50% surface irradiance), seagrasses
may persist through chronic light reduction, althoughmorpho-
logical and physiological changes will be apparent (Bulthuis
1983; Collier et al. 2009; Wong et al. 2020).

Previous studies of episodic light disturbance have shown
that seagrasses are negatively impacted when the duration of
light stress is longer than periods of optimal light (Biber et al.
2009; Statton et al. 2017). Tropical Indo-Pacific seagrasses
(Cymodocea serrulata and Halodule uninervis) responded
similarly to this pattern of episodic light disturbance as to
chronic low light, with responses modulated by degree of light
reduction (Statton et al. 2017). Not surprisingly, the temperate
seagrass Zostera marina had stronger negative responses to
persistent complete darkness compared with episodic light
disturbance, regardless of the pattern in pulsed light delivery
(Biber et al. 2009). To our knowledge, the relative importance
of chronic versus episodic light disturbance in more moderate
light stress scenarios (i.e., not in complete darkness), and how
responses are modulated by degree of light reduction, have not
been evaluated in Z. marina. The response and recovery of
this temperate species may differ from tropical seagrasses be-
cause it is larger, slower growing, and has higher nutrient
stores to support carbon balance (Duarte 1991). The pattern
in light delivery (i.e., continuous or pulsed) may not be im-
portant when light reduction is low, as plants may easily

compensate by adjusting their biomass, morphology, and
physiology or without any changes if light remains above
minimal requirements. When light reduction is high, episodic
light reduction may still have minimal impacts if light stress
periods are short relative to optimal light periods, allowing
plants to regain carbon balance between light stress periods.
On the other hand, high light reduction combined with long
pulses of light stress may cause persistent negative carbon
balance and high mortality, similar to continuous (chronic)
light disturbance. A better understanding of Z. marina resil-
ience to varying light delivery patterns and the influence of
shade level would provide guidance as to how nearshore hu-
man activities could be better managed to ensure the long-
term persistence of this temperate seagrass.

In this study, we assess the response and resilience of the
temperate seagrass, Zostera marina, to varying scenarios of
episodic and chronic light reduction. In particular, we evaluate
how the relative importance of both types of light disturbance
is influenced by varying degrees of light reduction and dura-
tions of light stress. Z. marina is the dominant seagrass species
in Atlantic Canada, where in certain areas it is susceptible to
chronic light limitation from nutrient loading (i.e., Southern
Gulf of St. Lawrence; Hitchcock et al. 2017; Murphy et al.
2019). However, in many areas of Atlantic Canada, nutrient
loading is minimal (Murphy et al. 2019), and episodic light
reduction from storms or nearby human activities is the more
prevalent type of light disturbance for Z. marina. Light atten-
uation coefficients (Kd) ranging from 0.3 to 7 m−1 or even
12 m−1 during extreme weather events have been observed
in various Z. marina beds in the region (Wong, unpublished
data; Krumhansl et al. 2020). We used a laboratory experi-
ment where Z. marina plants were exposed to chronic light
disturbance (continuous shading) or two types of episodic
light disturbance (repeated cycles of 4 days shade and 3 days
no shade and 12 days shade and 2 days no shade), using three
levels of shading (low, moderate, and high). Seagrass density,
biomass, morphology (sheath and leaf length), and physiology
(concentrations of total chlorophyll and water soluble rhizome
carbohydrates) were measured periodically during the 16-
week light disturbance period and subsequent 8-week recov-
ery period when ambient light was restored.

Materials and Methods

Experiment Materials

Eelgrass (Zostera marina) plants were collected from a large
shallow subtidal meadow in Port l’Hebert Bay (43° 52′ 04″N,
64° 57′ 43″ W), Nova Scotia, Canada, 25–28 May 2017.
Plants were transferred to the Bedford Institute of
Oceanography in coolers and held in tanks with seawater for
24 h until planted into the experimental tanks. The
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experimental tanks were made of glass and measured 60 cm
long × 30 cmwide × 30 cm high. Each tank had its own source
of flow-through seawater delivered at 2–2.5 L min−1. Sixty
vegetative shoots with 3–4 cm rhizome and roots attached
were planted in an even distribution into plastic trays contain-
ing 5 cm sandy sediment, which were then submerged into the
tanks. The sediment was ~ 86% sand, 12% gravel, and 2%
mud/silt, and while less muddy than the collection site, was
similar to sediment conditions commonly observed for rela-
tively exposed eelgrass beds in the region (Wong 2018). Light
was provided to each tank using LED wide spectrum light
strips (Sunblaster), and photosynthetically active radiation
(PAR) was ~ 150 μmol m−2 s−1 at mid-canopy level, which
represents median PAR at the field collection site during the
experiment (Wong, unpublished data). The photoperiod was
maintained at 14 h light:10 h dark. Plants were allowed to
acclimate for 2 weeks after planting before the experiment
began. The experiment was conducted from 15 June to 30
November 2017. During the acclimation period, water tem-
peratures were incrementally raised from 8 to 12 °C and then
maintained; this represents mean temperature in similar
seagrass beds during the experiment (Krumhansl et al.
2020). Some epiphytic algae growth occurred during the ex-
periment and was periodically cleaned and removed from the
tanks.

Experimental Design and Plant Collections

We simulated three different types of light disturbance rele-
vant for temperate eelgrass beds in the region. These included
chronic light disturbance (continuous shade), episodic low
disturbance (repeated cycles of 4 days shade:3 days no shade),
and episodic high disturbance (repeated cycles of 12 days
shade:2 days no shade). The chronic disturbance was intended
to represent light reduction from long-term nutrient loading
prevalent in some areas of Atlantic Canada (Murphy et al.
2019), while episodic disturbance represented pulsed light
stress from seasonal storm events or nearshore marine con-
struction. Each type of light disturbance was implemented for
three different levels of shading: 40, 60, and 80% reduction of
ambient light measured at mid-canopy (Fig. 1), based on rep-
resentative field measurements and to provide a gradient of
light reduction. Tanks were shaded using single or double
layers of greenhouse shade cloth (sold as 30, 50, and 70%
shade cloth, ShelterLogic,Watertown, CT, USA) that covered
the top and sides of the tanks. Light disturbance was imple-
mented for 16 weeks, after which time all shades were re-
moved for an 8-week recovery period. Six replicates of each
combination of light disturbance and shade level were ran-
domly allocated to the experimental tanks. Six control tanks
with no light disturbance or shade were also included.

Plant response to the light disturbance treatments was eval-
uated using measures of shoot density, biomass, morphology

(sheath and leaf length), and physiology (concentrations of
chlorophyll and water-soluble rhizome carbohydrates).
Sampling was conducted at the initiation of the experiment
and every 4 weeks thereafter. Sampling periods thus included
0 weeks (no light disturbance), 4, 8, 12, and 16 weeks (light
disturbance period), and 20 and 24 weeks (recovery period).
At each sampling period, shoot density was visually assessed
by counting the number of living shoots per tank, except the
last time period when all plants were excavated and counted.
One shoot per tank was collected at each time period, and
sheath length and length of the third oldest leaf were mea-
sured. After measurements, the shoot was separated from the
rhizome. Chlorophyll concentration (a and b) was extracted
from a ground 20mmmid-section of the third oldest leaf using
a 2:1 solution of 90% acetone and 100% dimethylsulfoxide
(Shoaf and Lium 1976) for all sampling periods except weeks
12 and 20 when samples were not available. Total chlorophyll
concentration was determined from the extracts using spectro-
photometry readings at 665, 652, and 750 nm and equations
from Ritchie (2006) and Wong et al. (2020). Rhizome water-
soluble carbohydrates were hydrolyzed from a 5- to 8-cm
ground-dried rhizome section using 80% ethanol and heated
to 80 °C and then centrifuged at 13,000×g for 15 min. Soluble
sugar content in the supernatant was determined using the
phenol sulfuric acid method in a microplate assay read at
490 nm (Masuko et al. 2005; Wong et al. 2020). At the end
of the experiment, all plant material was excavated from the
tanks and above- and belowground biomass was determined
by drying the material at 60 °C for 48 h.

Statistical Analyses

Light disturbance type and shade level were combined into
one treatment factor for the analyses, allowing statistical com-
parison between the light stress treatments and controls.
Hereafter, we refer to this factor as light disturbance regime,
which had ten levels: no disturbance (control), episodic low
disturbance with 40, 60, or 80% shade, episodic high distur-
bance with 40, 60, or 80% shade, and continuous disturbance
with 40, 60, or 80% shade. The effect of light disturbance on
Z. marina shoot density, morphology (sheath length), or phys-
iology (concentrations of total chlorophyll, rhizome water-
soluble carbohydrates) was examined using generalized addi-
tive mixed models (GAMMs), with the fixed factor light dis-
turbance regime (10 levels), the covariate time from initiation
of the experiment (5–7 levels), and the random factor tank,
which was nested within light disturbance regime. Additive
models such as GAMMs allow for flexible specification of the
dependence of the response variable on the covariate(s) by
using a sum of smoothed functions of one or more covariates
(Wood 2017). Additive models are thus appropriate to model
non-linear relationships between the response and covariate,
which have been observed for seagrass variables over time
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and over various environmental variables (Olsen et al. 2012;
Lefcheck et al. 2017). We used the following GAMM model
to identify patterns in the different eelgrass response metrics
over time for the different light disturbance regimes:

yi ¼ Xiβþ Zibþ f 1 timeið Þ
þ ϵi; ϵ∼N 0;σ2I

� �
; b∼N 0;Ψð Þ

Here, yi represents a single observation (i = 1,…, 60) of the
eelgrass response metric of interest. The fixed factors are giv-
en by the vector β, each element of which corresponds to a
different light regime. The random effects are represented by
the vector b designating the tank effect. The row vectors Xi

and Zi assign the observation to the appropriate light level
(fixed effect) and tank (random effect), respectively. The re-
sponse also considers a smooth function of time as given by
the term f1(timei). The error vector ϵ is assumed to be an
independent and identically distributed normal random vector
with unknown variance σ2. The random effects coefficients, b,
follow a zero-mean, multivariate normal with unknown co-
variance matrixѰ. A primary goal for inference is estimating
the fixed effects β and the functional dependence of the re-
sponse on time, f1(timei). The variance σ

2 and Ѱ (or parame-
ters controlling it) are also estimated. Cubic regression splines
were used to parameterize the smooth function f1(timei) and
models were fit using restricted maximum likelihood (Wood
2017). Shoot density was adjusted to account for shoots re-
moved for morphometric and physiological measurements
and was evaluated across all sampling periods except the last,
when some lateral shoots undetected during visual counts be-
came apparent when plants were excavated from the tanks.

Sheath length and rhizome carbohydrates were evaluated for
the light stress period only, to allow clear observations of
differences from the controls that would otherwise have been
masked by inclusion of the recovery period. Sheath length
was highly correlated with leaf length (R = 0.93), and so only
sheath length is presented.

The effects of light disturbance regime on shoot density,
aboveground biomass, and belowground biomass at the end
of the experiment (week 24) were examined using linear regres-
sion. For both linear and GAMM regressions, significance of
smoothers and light disturbance regimes relative to the control
was evaluated using p values from the regression statistics
(p < 0.10). Differences between light disturbance regimes were
evaluated from observations of the data. Residual plots were
evaluated to assess the assumptions of homogeneity of variance
and normality. Aboveground biomass was square root trans-
formed and belowground biomass was log10 (datum + 1) trans-
formed to meet assumptions, but in all other cases, assumptions
were not violated. Temporal autocorrelation for GAMM
models was evaluated using autocorrelation function plots, with
no autocorrelation evident for any analysis. All regression anal-
yses were conducted in R Studio (1.2.5033), with GAMM
modeling implemented using the package “mgcv.”

Results

Shoot Density

Shoot density decreased significantly in all light disturbance
regimes after 8 weeks relative to the control, which increased

Fig. 1 Photosynthetically active radiation (PAR) measured in the
different light disturbance regimes. Control, no light disturbance; EL,
episodic low disturbance (cycles of 4 days shade:3 days no shade); EH,
episodic high disturbance (cycles of 12 days shade:2 days no shade); C,
continuous disturbance (continuous shade). Numbers associated with

each light disturbance category represent 40, 60, or 80% reduction of
ambient light (control level) at mid-canopy. Each box shows the range
of data between the first and third quartiles (interquartile range (IQR)), the
horizontal line represents the median, the whiskers indicate ± 1.5*IQR,
and the points indicate outliers

315Estuaries and Coasts  (2021) 44:312–324



at 8 weeks before returning to initial density (GAMM regres-
sion: R2 = 0.708; smoother terms: df = 1–4.7, F = 4.4–61.2,
p < 0.0001 to 0.03; Fig. 2a, b; Electronic supplement S1).
The effects of the different types of light disturbance on shoot
density were highly modulated by the degree of shading.
When shading was moderate or high (60 or 80%), declines
in shoot density became increasingly larger as light distur-
bance intensified (i.e., length of shading period increased),
illustrated by the increasingly negative slopes of the smoother
functions (Fig. 2b). By the end of the light disturbance period
(week 16), shoot density at these shade levels was significant-
ly higher in episodic low disturbance compared with both
episodic high and continuous (Fig. 2a). Continuous and epi-
sodic high disturbance had similar density at week 16 in 60%
shade but not 80% shade, where it was lower in continuous
disturbance (Fig. 2a). When shading was low (40%), declines
in shoot density across all light disturbance types were of less
magnitude than observed at higher shade levels (Fig. 2b), with
density being lower in continuous disturbance than in episodic
low or high disturbance. Shoot density in episodic high and
continuous light disturbance strongly decreased as shade level

increased, with shoot density being lower in 80% shade rela-
tive to 60% only when light stress was continuous. Shoot
density did not decrease with increasing shade level in episod-
ic low disturbance.

When light disturbance was removed and plants allowed
to recover, no recovery in shoot density was evident for
any experimental treatment by week 20, with density con-
tinuing to decrease in the majority of treatments (Fig.
2a, b). Shoot density at week 24, when plants were exca-
vated from the tanks, also showed no recovery of shoot
density to background levels (linear regression: R2 = 0.69,
F9, 50 = 12.7, p < 0.0001; parameter coefficients: t = − 1.6
to − 7.8, p < 0.001 to 0.1; Fig. 3; Electronic supplement
S1), despite inclusion of lateral shoots that were not appar-
ent during previous visual counts. Lateral shoot density
ranged from 9 to 23% of total shoot density (Fig. 3) and
was significantly lower in episodic high disturbance at all
shade levels and in continuous disturbance at 60 and 80%
shade relative to the controls (linear regression, square root
transformed: R2 = 0.38; F9, 50 = 3.46, p = 0.002; parameter
coefficients: t = − 3.24 to − 2.01, p = 0.002 to 0.049).

Fig. 2 a Shoot density measured during acclimation, the light disturbance
period, and the recovery period. Week -2 indicates when the 2-week
acclimation period began, week 0 indicates when the light disturbance
began, and the vertical dotted line indicates when shades were removed
and recovery began (at 16 weeks). The horizontal dotted line indicates
mean shoot density observed in the control. Boxplot as defined in Fig. 1.

b Smoother functions for shoot density over time as estimated by the
GAMM regression for the whole experiment. The red solid line
indicates the estimated function, and the blue dotted lines indicate
confidence intervals based on 2 standard errors. Numbers in the
parentheses on the y-axes are the effective degrees of freedom for that
treatment level
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Lateral shoot density was lowest in continuous disturbance
at 80% shade.

Above- and Belowground Biomass

Aboveground biomass at the end of the experiment was sig-
nificantly lower than controls in all light disturbance regimes,
except for episodic low disturbance with 40% shade (linear
regression, square root transformed: R2 = 0.73, F9, 50 = 14.9,
p < 0.0001; parameter coefficients: t = − 2.36 to − 8.72,
p < 0.0001 to 0.022; Fig. 4a; Electronic supplement S1).
Aboveground biomass progressively decreased across in-
creasing shade level in both episodic high and continuous
disturbance, with lowest biomass in continuous disturbance
with 80% shade. Belowground biomass was significantly
lower than controls in episodic high disturbance at 60 and
80% shade (linear regression, log10(data+1): R

2 = 0.54, F9,

50 = 6.49, p < 0.0001; parameter coefficients: t = − 3.37 and
− 3.68, p = 0.001 and 0.0005; Fig. 4b), continuous disturbance
across all shade levels (parameter coefficients: t = − 1.81 to −
6.41, p < 0.0001 to 0.07), and in episodic low disturbance at
60% shade (parameter coefficient: t = − 2.14, p = 0.037). As
observed for aboveground biomass, belowground biomass
was lowest in continuous disturbance with 80% shade.

Morphology (Sheath Length)

Smoother functions indicated that sheath length tended to in-
crease over time in all light disturbance regimes relative to the
controls and was mainly influenced by shade level (GAMM
regression: R2 = 0.160; Fig. 5a, b; Electronic supplement S1).
Sheath length in all light disturbance regimes with 40% shade

did not differ significantly from controls (smoother terms: df-
= 1, F = 1.79 to 1.95, p = 0.162 to 0.181) (Fig. 5b). In all light
disturbance regimes with 60% shade, smoother functions in-
dicated that sheath length increased significantly relative to
control plants during light disturbance (smoother terms: df =
1 to 1.6, F = 4.25 to 7.29, p = 0.007 to 0.06; Fig. 5b), although
some declines at week 12 (episodic low) and week 16 (epi-
sodic high and continuous) are evident in the data (Fig. 5a).
Smoother functions in all episodic light disturbance regimes
with 80% shade indicated that sheath length also increased
significantly relative to control plants, although to a lesser
extent than observed for 60% shade (i.e., slope of smoother
functions were less; smoother terms: df = 1, F = 2.841 to 3.16,
p = 0.007 to 0.093; Fig. 5b). Again, some declines are appar-
ent at week 16 in the data (Fig. 5a). During the recovery
period, sheath length continued to decrease in episodic high
and continuous disturbance at 80% shade and in continuous
disturbance at 60% shade.

Physiological Measures

The GAMM regression indicated that while total chlorophyll
concentration did not tend to differ among light disturbance
regimes, different patterns in chlorophyll over time were ob-
served in all light stressed plants relative to the controls
(GAMM regression: R2 = 0.225; Fig. 6a, b; Electronic supple-
ment S1). Smoother functions indicated that chlorophyll con-
centration increased in the control during the light disturbance
period (smoother term: df = 1, F = 12.7, p = 0.0004; Fig. 6b)
but had either a negative linear or quadratic function across
time in all light disturbance regimes. Note that most of these
smoother functions were non-significant, with the exception

Fig. 3 Number of total shoots
(adult + lateral) and lateral shoots
in the different light disturbance
regimes at the end of the
experiment (week 24),
determined after tanks were
excavated. Control, no light
disturbance; EL, episodic low
disturbance (cycles of 4 days
shade:3 days no shade); EH,
episodic high disturbance (cycles
of 12 days shade:2 days no
shade); C, continuous disturbance
(continuous shade). Values
associated with each light
disturbance category represent 40,
60, or 80% reduction of ambient
light (control level) at the mid-
canopy. Dotted vertical lines
separate each light disturbance
type. Boxplot as defined in Fig. 1
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Fig. 5 a Sheath length during the light disturbance and recovery
periods. Week 0 indicates when the light disturbance began, and
the vertical dotted line indicates when shades were removed and
recovery began (at 16 weeks). Boxplot as defined in Fig. 1. b
Smoother functions for sheath length over time as estimated by

the GAMM regression for the light disturbance period. The red
solid line indicates the estimated function, and the blue dotted
lines indicate confidence intervals based on 2 standard errors.
Numbers in the parentheses on the y-axes are the effective degrees
of freedom for that treatment level

Fig. 4 Above- and belowground
biomass in the different light
disturbance regimes at the end of
the experiment (week 24).
Control, no light disturbance; EL,
episodic low disturbance (cycles
of 4 days shade:3 days no shade);
EH, episodic high disturbance
(cycles of 12 days shade:2 days
no shade); C, continuous
disturbance (continuous shade).
Numbers associated with each
light disturbance category
represent 40, 60, or 80%
reduction of ambient light
(control level) at the mid-canopy.
Dotted vertical lines separate each
light disturbance type. Boxplot as
defined in Fig. 1
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of episodic low disturbance at 80% shade (smoother term:
df = 1, F = 3.05, p = 0.082) and episodic high disturbance at
60% shade (smoother term: df = 2.11, F = 3.91, p = 0.021).

Patterns in water-soluble carbohydrate (WSC) concentra-
tion of rhizomes over time were regulated by both the type of
light disturbance and the degree of shading (GAMM regres-
sion: R2 = 0.40; Electronic supplement S1). WSC rhizome
concentration in control tanks initially increased from ~ 200
to 360 mg g DW−1, and these levels were maintained through-
out the light disturbance period (Fig. 7a). Similar trends were
also observed in all disturbance regimes at 40 and 60% shade,
where the smoother functions did not differ significantly from
the controls. However, concentrations in continuous distur-
bance at 60% shade were lower overall during the light dis-
turbance period compared with the controls. Declines inWSC
rhizome concentrations relative to controls were evident dur-
ing the early stages of light stress in all light disturbance re-
gimes with 80% shade (smoother terms: df = 2.33 to 2.54, F =
2.24 to 5.09, p = 0.005 to 0.050; Fig. 7b). Here, the timing of
the decline depended on the type of light disturbance, with
concentrations decreasing later (week 8) in episodic low

disturbance compared with episodic high and continuous dis-
turbance (week 4). Carbohydrate concentrations began to re-
build to background levels during the light stress period, be-
ginning around week 12, although rebuilding was weakest in
the continuous disturbance (Fig. 7a, b). During the recovery
period, all WSC rhizome concentrations affected by light dis-
turbance (i.e., continuous 60% shade, all light disturbance at
80% shade) increased and reached background levels by the
end of the recovery period (Fig. 7a).

Discussion

We found that the relative importance of chronic versus epi-
sodic light disturbance on Z. marina survival was strongly
modulated by the degree of shading. When shading was mod-
erate and high (60 and 80%), both chronic and episodic high
light disturbance (i.e., long light stress relative to optimal light
periods) had strong negative impacts on Z. marina density and
biomass. Responses of Z. marina to these light delivery pat-
terns were similar under moderate shade but differed under

Fig. 6 a Total chlorophyll concentration during the light disturbance and
recovery periods.Week 0 indicates when the light disturbance began, and
the vertical dotted line indicates when shades were removed and recovery
began (at 16 weeks). Boxplot as defined in Fig. 1. b Smoother functions
for chlorophyll concentration over time as estimated by the GAMM

regression for the light disturbance period. The red solid line indicates
the estimated function, and the blue dotted lines indicate confidence
intervals based on 2 standard errors. Numbers in the parentheses on the
y-axes are the effective degrees of freedom for that treatment level
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high shade, with continuous shading having stronger effects.
When shading was low (40%), only minimal impacts on
Z. marina were evident across all light disturbance regimes,
although chronic disturbance had larger impacts than either
types of episodic light disturbance. Plant responses to episodic
low disturbance (i.e., similar durations of light stress and op-
timal light) were not influenced by degree of shading, with
declines in shoot density being similar across all shade levels
and of less magnitude than in other light disturbance types.

Our study is, to our knowledge, one of the first to examine
the relative importance of chronic and episodic light
disturbance for Z. marina and how it is modulated by degree
of shading. In tropical seagrasses, Statton et al. (2017) found
that plants had similar responses to chronic and episodic light
disturbance (12:2 days light stress and optimal light) when
light stress was high (2 mol m−2 day−1), and that the severity
of response lessened under more moderate light stress (5 and
7 days at 2 and 4 mol m−2 day−1, respectively). We also ob-
served that decreased shade level reduced the impacts of epi-
sodic high light disturbance; however, we found that chronic
light stress had stronger impacts than episodic, when shade
level was high. Although the light delivery patterns in Statton

et al. (2017) matched our continuous and episodic high light
disturbance treatments, and their light reductions were similar
to absolute light values in our study, the longer overall light
reduction period in our study (16 vs. 6 weeks) may have
enhanced plant responses to chronic shading. However, it is
difficult to make direct comparisons given large differences in
species morphology, light requirements, and environmental
conditions. We further extended the gradient of light
disturbance in Statton et al. (2017) to include episodic low
disturbance (4:3 days light stress and optimal light) and found
that while negative impacts were evident, they were minimal
relative to other light treatments. Biber et al. (2009) also ex-
amined both episodic low and high light disturbance (3:9, 3:3,
9:9, and 9:3 days darkness to light) using extreme shading
(100% darkness) in Z. marina and found similar results in that
plant mortality was highest when periods of light stress were
longer than optimal light periods. Our study further extends
theirs to show that this response is modulated by shade level,
with low shade having weaker effects than higher shade
levels. In contrast with our results, Biber et al. (2009) found
only minimal decreases in Z. marina density (≤ 10%) when
the duration of light stress equaled recovery, whereas we

Fig. 7 a Water-soluble carbohydrate (WSC) concentration in the
rhizomes during the light disturbance and recovery periods. Week 0
indicates when the light disturbance began, and the vertical dotted line
indicates when shades were removed and recovery began (at 16 weeks).
Boxplot as defined in Fig. 1. b Smoother functions for WSC

concentration over time as estimated by the GAMM regression for the
light disturbance period. The red solid line indicates the estimated
function, and the blue dotted lines indicate confidence intervals based
on 2 standard errors. Numbers in the parentheses on the y-axes are the
effective degrees of freedom for that treatment level
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observed 16–24% shoot mortality, depending on the shade
level. This discrepancy is likely explained by differences in
study duration; their study was shorter (1.5 months) and so
included 3 or 7 cycles of equal light stress and optimal light
periods, while our study was longer (4 months) and included
16 cycles. This indicates that even short light stress events
punctuated by optimal light periods of near-equal duration
can negatively impact seagrasses if they are repeated over
the long term.

Chronic light disturbance in Z. marina ecosystems has
been more widely examined, with studies showing similar
results to ours in that chronic shading is detrimental to
Z. marina survival and performance, especially with
prolonged moderate to extreme shading (e.g., Fitzpatrick and
Kirkman 1995; Hauxwell et al. 2003; Lavery et al. 2009; Kim
et al. 2015; Wong et al. 2020). Our study further shows that
episodic light disturbance consisting of long light stress and
short optimal light periods can have similar negative effects as
chronic shading, especially under moderate shade. Both
chronic and episodic light disturbance remain relevant for
Z. marina; chronic light stress from eutrophication, overwater
structures, or long-term persistent turbidity have all been
linked to increased Z. marina mortality and changes in distri-
bution (Moore et al. 1997; Burdick and Short 1999; Hauxwell
et al. 2003; Moore et al. 2012; Eriander et al. 2017), while
episodic light disturbance from human activities or pulsed
climatic events also have negative effects (this study; Biber
et al. 2009; Statton et al. 2017).

The various responses of Z. marina to chronic and episodic
light disturbance observed in our study reflect how these
plants adjust their density, morphology and physiology to
adapt to different light-stress scenarios. The high shoot mor-
tality observed in some light disturbance regimes in our study
reflects a common strategy employed by seagrasses to thin the
canopy and reduce self-shading, effectively allowing more
light availability for the remaining shoots (Dalla Via et al.
1998; Collier et al. 2009; Enríquez and Pantoja-Reyes
2005). Removal of biomass also allows light-stressed plants
to reduce carbon demands for respiration and maintain overall
carbon balance (Lee et al. 2007). Given the high light reduc-
tions in episodic high and continuous disturbance with 60 and
80% shade, it is not surprising that plants in these conditions
had to drastically reduce their density to maintain carbon bal-
ance. Here, the optimal light portions of the pulsed light dis-
turbance did not allow plants to compensate for impacts in-
curred during shading. Structural acclimation can be further
achieved by increasing photosynthetic tissues relative to roots
and rhizomes (Olesen and Sand-Jensen 1994); however, we
did not observe disproportionate decreases in below- and
aboveground biomass across light disturbance regimes. In
fact, lateral shoots were evident in all light disturbance re-
gimes at the end of the experiment, although we could not
determine if growth occurred during the light reduction

period, the recovery phase, or some combination of the two.
In any case, we observed an overall reduction in growth in
highly light stressed plants, which has been observed in other
studies (Ochieng et al. 2010) and is thought to maintain low
shoot density in turbid and deep waters (Moore et al. 1997;
Krause-Jensen et al. 2000).

While our study shows that shading modulates how chron-
ic and episodic light disturbance influence the density and
biomass of Z. marina beds, the morphological response was
primarily influenced by shading alone. Sheath length in al-
most all light disturbance regimes with 60 and 80% shade
increased relative to controls over most of the light distur-
bance period, whereas sheath length of plants in 40% shade
did not differ from controls. Sheath length is a reliable proxy
for leaf growth in Z. marina (Gaeckle et al. 2006), and so these
results indicate that plants in moderate and high shade were
growing faster and longer leaves to produce more photosyn-
thetic tissue, a common response of seagrasses in the early
stages of light limitation (Bulthuis 1983; Abal et al. 1994;
Longstaff and Dennison 1999; Lee et al. 2007). Plants ap-
peared to favor increasing photosynthetic tissues to enhance
light capture rather than increasing chlorophyll content, which
remained lower than background levels throughout the exper-
iment. The decrease in sheath length after prolonged shading
(12 to 16 weeks) indicates a shift towards reducing respiratory
demand by reducing growth (Collier et al. 2009; Lavery et al.
2009), rather than increasing leaf length to enhance photosyn-
thetic capacity as observed earlier in the experiment.

The impacts of light reduction on concentrations of water-
soluble rhizome carbohydrates (WSC) in Z. marina depended
on both the type of light disturbance and shade level. Lower
carbohydrate reserves in plants exposed to chronic and epi-
sodic light disturbance with 80% shade suggests that highly
light-stressed plants either utilized stored nutrients or pro-
duced fewer to achieve carbon balance (Burke et al. 1996;
Alcoverro et al. 1999). Carbohydrate concentrations in 80%
shade were reduced earlier in continuous and episodic high
light disturbance compared with episodic low disturbance,
reflecting the higher metabolic requirements necessary for
carbon balance in these conditions. Continuously shaded
plants in 60% shade also either used more or produced fewer
carbohydrates than episodically shaded plants at this shade
level. The dependence of shaded seagrasses on carbohydrate
reserves to maintain metabolic processes and ensure carbon
balance has also been observed elsewhere (Burke et al. 1996;
Collier et al. 2009; Lavery et al. 2009; Silva et al. 2013),
particularly when light reduction is long and extreme.
Changes to carbohydrate use and production during periods
of light stress may be a last resort, as our study and others
(Collier et al. 2009) showed that once carbon demand was
reduced through shoot loss, carbohydrate concentrations be-
gan to rebuild. Interestingly, plants subjected to episodic light
disturbance with 40 and 60% shade-maintained background
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carbohydrate concentrations, suggesting that plants in these
conditions can rely on biomass and morphological changes
alone for carbon balance. Plants in our experiment relied sole-
ly on their own carbohydrate reserves, as we used single
shoots unattached to their neighbors. However, seagrasses of-
ten translocate nutrients from neighboring plants to support
growth and survival (Marbà et al. 2002), with resource sharing
being particularly useful when stressors are heterogeneous
and some plants remain unaffected. Although resource trans-
location was not possible in our experiment, this likely had
minimal effects on our results, given that the light disturbance
was intended to be homogeneous and affect all plants equally.

In our study, experimental light disturbance was followed
by an extended period of recovery where shades were re-
moved and plants provided full undisrupted ambient light
(same level as controls) for 8 weeks. Physiological measures
(i.e., chlorophyll and WSC concentrations) impacted by light
disturbance responded almost immediately to increased light
availability and recovered quickly to background levels.
However, the rapid recovery in physiology was not reflected
by shoot density, biomass, or morphology. Shoot density and
sheath length were not restored to background levels during
the 2-month recovery period, and in many cases, continued to
decline from values observed during light disturbance.
Biomass was also not restored to background levels, with
above- and belowground tissues still showing successive de-
creases across light disturbance regimes at the end of the re-
covery period. The disconnect between the rapid physiologi-
cal response and recovery of shoot density, biomass, and mor-
phology has also been observed in other studies (Collier et al.
2009; McMahon et al. 2011; Wong et al. 2020). While mech-
anisms underlying the reduction in growth of previously shad-
ed plants in restored ambient light are unclear (Collier et al.
2009; McMahon et al. 2011; Wong et al. 2020), it is not
particularly surprising that shoot density and biomass did
not recover to pre-light disturbance levels, even after 2 months
of restored ambient light. Recovery of shoot density in beds
with low reproductive capacity depends on rhizome elonga-
tion and lateral shoot growth, which are relatively slow pro-
cesses (Boese et al. 2009; Duarte 1991). Even small bare
patches (3 to 4 m2) in Z. marina beds can take 2 to 4 years
to recolonize from lateral growth of adjacent shoots (Boese
et al. 2009; Wong et al. 2020). Although we did not observe
full recovery of plant density, lateral shoots were evident in all
light disturbance regimes at the end of the recovery period,
suggesting that plants were growing and recovery was
underway.

Our study shows that not only does chronic shading of
seagrass plants have detrimental effects on survival and per-
formance (as is well established, e.g., Burdick and Short 1999;
Hauxwell et al. 2003; Lavery et al. 2009; Kim et al. 2015;
Wong et al. 2020), but episodic light disturbance can also have

negative impacts. Further work is necessary to elucidate the
resilience of Z. marina to various light disturbance scenarios
across the full suite of environmental conditions it inhabits
(Krumhansl et al. 2020). Our study represents Z. marina beds
that are typically found in more exposed cool waters, with
sandy sediments. Stronger responses may be evident for
Z. marina beds in more protected warmer waters with muddy
sediments high in organic content, as higher temperatures in-
crease plant light requirements (Lee et al. 2007) and finer
sediments can be high in sulfides, which reduce plant growth
(Mascaro et al. 2009). Our light disturbance treatments also
represent homogenous light stress across entire beds, which
may have stronger impacts than more heterogeneous patterns
in light reduction. Regardless, our study has important impli-
cations for the management of anthropogenic activities in the
nearshore that reduce the underwater light climate for
Z. marina. Activities that create pulsed light disturbance, such
as dredging, should be adjusted to include optimal light pe-
riods that are equal or longer in duration to periods of light
stress, especially when light reduction is moderate or high.
Pattern of light delivery may not be as critical when light
reduction is low, as our results suggest that Z. marina can
tolerate high episodic light disturbance (i.e., long light stress:
short optimal periods light) or even chronic light limitation,
when shading is minimal. Furthermore, light disturbance
should be timed to occur when Z. marina is most seasonally
resilient to reduced light conditions, which in cooler waters is
usually the spring/summer when natural photoperiod is long
(Wong et al. 2020). Attention to these aspects can reduce plant
mortality and build resilience to light disturbance events,
supporting the long-term persistence of seagrass ecosystems.
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