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ABSTRACT

Coastal lagoons are a dynamic habitat, with varying marine and freshwater inputs determining the presence and extent of stratification, and the physical and
chemical environment of the epi- and hypolimnion. As a result, the biotic assemblages that thrive in such environments are a diverse mix of species, with wide ranges
of tolerances. While annual succession and vertical distribution of phytoplankton assemblages in marine and freshwater ecosystems are well documented, few data
are available which describe the spatial and temporal variability of phytoplankton in coastal lagoons, even though these are a protected habitat under the European
Union's Habitat Directive. In this study, high frequency monitoring (HFM) of chlorophyll fluorescence (ChlF) using a vertical profiling sonde was used to describe the
variation in algal biomass over six annual cycles and through the water column of Lough Furnace, a perennially stratified coastal lagoon on the west coast of Ireland.
Spot sampling, and species enumeration of phytoplankton were used to confirm the patterns observed in the fluorescence data, which indicated a general pattern of
increasing biomass starting in spring, and a deepening of the deep chlorophyll maximum (DCM) over the summer. Typical of a stratified system, the DCM was often
situated below the surface mixed layer, in saline hypoxic water. The best predictors of daily maximum ChIF were the depth of the surface mixed layer and daily solar
radiation. We conclude that HFM allows an unprecedented glimpse into the substantial variability and complexity of phytoplankton distributions, a key biotic
variable.

1. Introduction

Coastal lagoons occur at the transitional zone between marine and
freshwater ecosystems, and make up 13% of the world's coastline
(Nixon, 1982) and 5.3% of the European coastline (Kjerfve, 1994).
Coastal lagoons can be defined as sea-water bodies situated at the coast,
but separated from the sea by land spits or similar land features (UNSD,
2006), leading to restricted marine connectivity which distinguishes
lagoons from estuaries. Semi-isolated from the adjacent coastal waters,
lagoon ecosystems are characterized by a natural exchange of water
between land and sea (Barnes, 1980). This exchange of tidal water and
freshwater inputs from rivers, rainfall and groundwater, results in a

* Corresponding author.

dynamic environment with extreme fluctuations in salinity, water vo-
lume, temperature and other chemical properties. The combination of
these features make coastal lagoons highly variable habitat types that
are difficult to define (Barnes, 1980; Kjerfve, 1994). This difficulty also
creates complexities when trying to classify coastal lagoons into a un-
ique habitat category for legislative purposes (Bamber, 2010;
Tagliapietra and Ghirardini, 2006). A common generalisation is to de-
fine a lagoon as “open” (a significant intertidal area), “choked” (con-
nected to the sea by a single or few narrow and shallow entrances) or
“leaky” (multiple channels between the water body and the sea) as
these terms give some indication of the extent of their hydrodynamic
exchange properties with the adjacent open sea (Newton et al., 2014).
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Although common on the microtidal coasts of the Mediterranean,
Baltic, and Black sea, coastal lagoons are particularly rare on the
macrotidal North Atlantic seaboard (Beer and Joyce, 2013; JNCC, 1996;
Newton et al., 2014). Compared to estuaries and other marine and
freshwater habitats, there are also large gaps in scientific knowledge
about lagoon ecology, and again this is particularly so for the North
Atlantic fringe (Beer and Joyce, 2013). The vulnerability of coastal
lagoons to climatic and anthropogenic impacts has led to their classi-
fication as an Annex I priority habitat (“in danger of disappearance”)
under the EU Habitats Directive (EU, 1992). However, by their nature,
coastal lagoons can change rapidly in response to sea-level rise (Buzer,
1981; Cassina et al., 2013b), or changes in salinity regime (Cassina
et al., 2013a; Obrador et al., 2008; Obrador and Pretus, 2008) as a
result of local actions such as dredging or sluice gate operations. The
protection of these habitats therefore represents a unique challenge in
terms of interpretation of conservation needs — what habitat and eco-
logical features are we trying to preserve?

Phytoplankton, aquatic macrophytes and phytobenthos are the
primary producers in coastal lagoons, with phytoplankton being of
greater importance in deeper lagoons where light limitation restricts
the growth of benthic organisms (Knoppers, 1994). Spatial and tem-
poral patterns in the phytoplankton of Mediterranean (e.g. Bernardi
Aubry et al., 2013), Baltic (Pilkaityte and Razinkovas, 2007), and
Adriatic (Sfriso et al., 2014) microtidal lagoons have been relatively
well studied when compared to North Atlantic lagoons, where research
to date has largely focused on invertebrate and macrophyte assem-
blages (Bamber et al., 1992; Barnes et al., 2008; Barnes, 1987; Healy,
1997; Joyce et al., 2005), with relatively few studies including phyto-
plankton (Chapman et al., 1997; Crawford et al., 1979; Pybus and
Pybus, 1980). In this context, the perceived status of coastal lagoons as
a “neglected habitat” (Barnes, 1980), due in part to the lack of studies
into the processes which influence the structure and composition of
lagoonal communities (Barnes, 1991; Beer and Joyce, 2013), appears to
be particularly relevant to phytoplankton. There has however been
more recent focus on the phytoplankton of coastal lagoons in Britain
and Ireland (Durante et al., 2013; Roden and Oliver, 2010), due to the
requirement under the EU Water Framework Directive (EC, 2000) to
monitor the ecological status of transitional waters using phytoplankton
as a quality element (Murphy et al., 2002). A survey of Irish coastal
lagoons (Roden and Oliver, 2010), which examined the phytoplankton
from 21 sites, is among the first databases of its kind for the phyto-
plankton of Irish lagoons, establishing provisional reference conditions
for these sites.

Coastal lagoon habitats can support a diverse phytoplankton flora
composed of co-occurring marine and freshwater species, as well as
those with a salinity tolerance that allow them to bloom in this dynamic
brackish environment (Caljon, 1984; Reynolds et al., 2006; Willén,
1962). In contrast to benthic organisms, which show an impoverished
diversity in brackish environments (Remane and Schlieper, 1971), re-
cords show plankton to be especially species rich (Reyes et al., 2008;
Telesh et al., 2011). High phytoplankton diversity in brackish waters is
attributed to phytoplankton adaptations, namely rapid reproduction
rate, motility, and the ability to enter resting stages periodically during
unfavourable conditions, which allow them to exist in an environment
of fluctuating salinity levels (Telesh et al., 2013). Colonization of la-
goons by marine phytoplankton species carried in with tidal flow, as
well as freshwater species carried in riverine inputs are likely to aug-
ment species richness (Bode et al., 2017). Where there are large and
sustained salinity fluctuations, a lagoon's phytoplankton may alternate
between marine, and freshwater dominated phases (e.g. Comin and
Valiela, 1993; Rojo and Miracle, 1989).

The position of coastal lagoons at the land-sea interface means the
seasonal development of phytoplankton is subject to multiple temporal
influences including tidal phase, seasonal freshwater inputs and me-
teorological conditions, as well as anthropogenic perturbations of these
factors (Duarte et al., 2009). Nevertheless, a reoccurring seasonal
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pattern may be influenced to a greater degree by the annual climate
cycle (Cloern and Jassby, 2008). Spring diatom blooms associated with
increasing solar radiation and nutrient availability, occur widely in
temperate coastal waters (Carstensen et al., 2015; Hitchcock and
Smayda, 1977), and have been commonly observed in coastal lagoons
(e.g. Bode et al., 2017). Dinoflagellate blooms have also been reported
in coastal lagoon (e.g. Giacobbe et al., 1996; Gilabert, 2001; Macedo
et al., 2001). The onset of these blooms has been attributed to a variety
of causes, including periods of stable surface water temperature and
weak winds (Laanaia et al., 2013), anthropogenic eutrophication
(Sorokin et al., 1996), increased inputs of freshwater following rainfall
(Macedo et al., 2001), and the seasonal germination of overwintering
resting stages (Voltolina, 1993). Cyanobacterial blooms are docu-
mented from lagoons which are highly impacted by cultural eu-
trophication (e.g. Serrano et al., 2004). Another characteristic feature
of the phytoplankton of near-shore and lagoon habitats are outbursts of
rapidly growing nanoplanktonic flagellates (Reynolds et al., 2006).
Deep chlorophyll maxima (DCM) occur in a variety of aquatic en-
vironments where their development is often associated with water
column stratification (e.g. Cullen, 2015; Sharples et al., 2001). In
brackish waters where salinity induced stratification is common, peaks
in phytoplankton biomass are frequently found within, or in close as-
sociation with, physical and chemical gradients bounding fresh and
saline water-masses. Examples are documented from estuaries (Falco
et al.,, 2006; O'Boyle and McDermott, 2014), fjords (Menden-Deuer,
2008), brackish lakes (Laybourn-Parry and Bell, 2014) and a small
number of coastal lagoons (Borrego y and Garcia-Gil, 1994; Miracle
et al.,, 1992; Moya et al., 1987). The underlying mechanism behind
DCM formation is generally accepted to be the growth of phytoplankton
at a depth where two vertically opposing resource gradients (for ex-
ample, light supply from the surface and nutrient supply from nutrient-
rich deep waters) favour in-situ growth in a stratified region of the
water column that is sheltered from turbulent mixing (Sharples et al.,
2001; Mellard et al., 2011; Williams et al., 2013). However whilst the
primary mechanism for DCM formation is well-documented, the precise
vertical location within the water column and specific species compo-
sition are attributed to a variety of phenomena, including sinking
phytoplankton reaching neutral buoyancy (Piwosz et al., 2008), motile
species actively retaining a favourable position in the stable pycnocline
region (Ross and Sharples, 2008), behavioural aggregation of flagellates
(Galvez et al., 1988), grazing by zooplankton (Coon et al., 1987) and
the aggregation of mixotrophic ciliates (Pérez et al., 2002) which are a
prey item for some dinoflagellates (Velo-Suarez et al., 2014). While
some DCMs have been attributed to elevated cellular chlorophyll levels
at depth (Fennel and Boss, 2003; Mikaelyan and Belyaeva, 1995), the
majority are found to consist of an increase in algal biomass (Camacho,
2006; Longhi and Beisner, 2009). Along with these biological influ-
ences, turbulent mixing in the water column has been found to have a
strong impact on the spatio-temporal DCM dynamics (Abbott et al.,
1984; Alexander and Imberger, 2009), with chlorophyll maxima being
weak and diffuse where there is high turbulent diffusion, and becoming
deeper and more stable with increasing water column stability. Tur-
bulence has been hypothesised to determine the thickness of the DCM,
which may form a thin layer during stable conditions with a sharp,
abrupt pycnocline region and thicken during turbulent conditions,
particularly in the presence of a weaker, more continuous density
gradient (Abbott et al., 1984; Durham and Stocker, 2012; Fee, 1976)).
While the protection of coastal lagoon habitats is warranted given
their unique nature, there are significant gaps in our current knowledge
of what constitutes “normal” temporal and spatial variation in phyto-
plankton, a key biotic element. Beer and Joyce (2013) recommend
targeted surveys and monitoring to determine the North Atlantic lagoon
resource base more accurately and better establish its baseline ecology.
A vital tool in detecting the impacts of environmental change and an-
thropogenic disturbance are long-term data sets (Dodds et al., 2012),
which until recently have been composed of spot samples. However,
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this infrequent sampling method may not capture the detail of a rapidly
changing phytoplankton assemblage (Pomati et al., 2011), particularly
one influenced by drivers such as upstream floods, tidal patterns and
varying stratification dynamics. Recent developments in the use of high
frequency chlorophyll sensors, in combination with automated profiling
winches, now allow the investigation and characterisation of both the
hydrological conditions (Kelly et al., 2018) and the phytoplankton
variability at high frequency (Brentrup et al., 2016; Doubell et al.,
2014). Profiling winches are a relatively new technology which requires
a high level of maintenance. As a result, consistent multi-annual op-
eration is rare. In this paper, we report on data from a protected stra-
tified coastal lagoon on the Atlantic coast of Ireland, where a profiling
multiparameter sonde has been successfully maintained for six con-
secutive years. The aims of this paper were to describe the seasonal and
spatial (vertical) variability in algal biomass using chlorophyll fluor-
escence as a proxy, to ascertain the presence and extent of DCM and
finally, to determine the main environmental drivers controlling the
development of algal biomass, and the depth of the DCM. In addressing
these aims, we hope to ascertain the variability in this key biotic ele-
ment, and hence inform efforts to preserve and protect the unique
nature of coastal lagoons.

2. Methods
2.1. Site description

Lough Furnace is located at the southern end of the Burrishoole
catchment (N 53°55’22”, W9°34’20”) at the north-eastern corner of
Clew Bay (northwest Ireland) (Fig. 1). It is a glacially excavated basin
with a permanent, constricted connection to open coastal waters
through the Burrishoole channel (Kelly et al., 2018). It is best described
as a “choked” coastal lagoon (Newton et al., 2014), as it is only con-
nected to the sea by one narrow entrance. The upper part of the
catchment is considered to be one of the best examples of an active
blanket bog in Ireland (NPWS, 2017), which represents 71% of the
catchment today whilst forest plantations occupy 23% of the catchment
(Dalton et al., 2014). Furnace is part of the Clew Bay Complex Special
Area of Conservation (SAC site code 1482) and is described as a good
example of a deep, stratified coastal lagoon in a very natural state
(NPWS, 2011). It has a surface area of 141 ha, a maximum depth of
21 m, a diameter of 1850 m, and it is approximately 800 m wide on
average. It receives highly coloured river inflows (brown humic sub-
stances from the peatland catchment) (52-112 mgl’1 PtCo; Marine
Institute, unpublished data) from the freshwater lakes upstream, that
strongly limit the photic zone depth (average secchi depth over the time
period = 1.75m). The length and shallowness of the connecting
channel greatly restricts the magnitude of northward flowing tidal
water from the Atlantic ocean (via Clew Bay), which coupled with the
buoyancy input from freshwater runoff, allows strong vertical saline
stratification to persist in the deep inner basin (Cassina et al., 2013b;
Kelly et al., 2018). Only a single water column overturn is known to
have occurred in the last 50 years (Salmon Research Agency of Ireland,
1995). The exceptionally strong halocline and restricted lagoon-ocean
exchange is conducive to the development of stagnant, deoxygenated
conditions in the deep basin water, with large-scale deep-water re-
newals by dense tidal inflows only occurring every 2.25 years on
average (Kelly et al., 2018). Palaeoenvironmental reconstructions sug-
gest that meromixis first formed as a result of sea level rise prior to
ca.4000 BP (Cassina et al., 2013b).

2.2. High frequency monitoring

The water column in Furnace was monitored with an Automatic
Water  Quality  Monitoring Station (AWQMS) (Lakeland
Instrumentation: www.lakelandinstrumentation.co.uk) (Fig. 1). The
AWQMS was stationed in the middle of the main Furnace basin where
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water depth is at least 14 m. The station comprised of a Datasonde
DSX5 (Hydrolab OTT) attached to a winch, which profiled the water
column 4 times daily (0000, 0600, 1200, 1800 h) from 0.6 m to 13 m
depth. Each downward profile took circa 90 min. Data were recorded at
2min intervals by a Campbell Scientific CR1000 datalogger, with an
average of 0.17 m between measurement intervals (depending on lake
level). The datasonde was fitted with sensors measuring temperature,
dissolved oxygen, salinity, conductivity and chlorophyll fluorescence
(ChIF). Data from the AWQMS were collated for the period 1st Jan 2009
to 30% October 2014. Chlorophyll fluorescence (in RFU - relative
fluorescence units) was extracted from the midnight profile for each
calendar day. Midnight profiles were used to avoid possible mis-
interpretation of RFU as a result of photo-inhibition during sunlight
hours (Scofield et al., 2017). Out of a possible 2191 calendar days in the
sampling period, 1659 midnight profiles were included in the dataset
(de Eyto et al., 2018). Equipment malfunction was the primary reason
for discarding profiles. For each profile, the maximum ChIF (maxChlF)
was determined, and the depth (m) from the surface at which that
maximum occurred (depth). Light attenuation (Secchi depth) and nu-
trients were measured approximately monthly. Total Phosphorus was
measured using a modified Molybdate — ascorbic acid method following
digestion of the unfiltered sample with persulphate and sulphuric acid
in an autoclave at 121 °C for 30 min. Total Nitrogen was measured
using an automated colorimetric method following digestion of the
unfiltered sample with potassium persulphate and boric acid in an al-
kaline solution in an autoclave at 121 °C for 30 min.

High frequency data characterising driving variables (representing
water column stratification, water column conditions, meteorological
conditions, freshwater influence, marine influence) were collated from
various sources in the Burrishoole catchment (de Eyto et al., 2018). Full
water column profiles of temperature and salinity were obtained from
the automated winch profiler detailed above (only those profiles re-
cording to a depth of 7m or greater were used) and water density
profiles were calculated following Millero and Poisson (1981). Zpy, the
depth of the bottom of the surface mixed layer (m), was determined as
the shallowest depth with a vertical density gradient higher than
2kgm ™3> m™?, following procedures in Read et al. (2011). The stability
of the stratification around the pycnocline was expressed as the squared
Brunt-Viisili frequency, N2 (rad s~ 1) (Thorpe, 2007). Mean daily Znmix
was used to differentiate between the epilimnion and hypolimnion, and
mean dissolved oxygen concentration, salinity, ChlF and temperature
were estimated for each of those layers from data collected by the
profiling Datasonde. Daily meteorological data (global solar radiation,
wind speed, air temperature) were collated from a Met Eireann auto-
matic weather station on the shore of Lough Furnace (Fig. 1). Sunshine
hours and daily cumulative rainfall were taken from a manual weather
station operated by the Marine Institute (Fig. 1). Water level in Lough
Feeagh was taken from an OTT thalimedes (www.ott.com, OTT Hy-
dromet, Kempten, Germany) installed on the southern shore of Feeagh
(Fig. 1). The water level in Feeagh determines the primary freshwater
inflow into Furnace through two inflows; the Mill Race (200 m long)
and the Salmon Leap (100 m long), each of which have an elevation
drop of 10 m (Fig. 1). Feeagh water level was therefore used as a proxy
indicator of freshwater inflow. In order to determine the potential tidal
influence on the main basin in Furnace, the tidal signal was extracted
from a water level recorder (Orpheus mini water level recorder, www.
ott.com, OTT Hydromet, Kempten, Germany) on the northern shore of
Furnace. The tidal signal was extracted using the MATLAB T TIDE
software package (Pawlowicz et al., 2002) and this was adjusted to the
mean level at Furnace using a 30-day running mean of the Furnace
water level. The daily maximum tidal range (Max range), maximum
tidal height (Max tide) and minimum tidal height (Min tide) were then
extracted from this data set for use in the current analysis.
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Fig. 1. Location of Lough Furnace on the Atlantic coast of Ireland. S1 is the location of the automatic monitoring station and S2 is the Met Eireann automatic weather

station.

2.3. Verification of the chlorophyll fluorescence sensor signals

Two methods were used to confirm that the chlorophyll sensor was
representative of phytoplankton biomass. Monthly epilimnetic water
samples were taken using a 1 m tube. Two litres of each sample were
filtered (Whatman glass microfiber filter GF/F 0.45 um pore size) and
measured for chlorophyll a using standard ethanol extraction (Standing
Committee of Analysts, 1983). In addition, 500 ml of these monthly
samples was preserved with Lugol's iodine solution (Merck with a

composition of I, =3.2g1"! and Kl = 6.8gL™") and stored in the
dark. Monthly phytoplankton biomass from 2010 to 2013 were en-
umerated and identified with an inverted microscope using a method
adapted from Utermchl (1958). Identification was carried out to the
highest taxonomic level possible using a mix of marine and freshwater
keys (Dodge, 1982; Hoppenrath et al., 2009; John et al., 2002;
McDermott and Raine, 2006; Sykes, 1981; Tomas, 1993, 1997).
Counts were carried out at a magnification of x200 or x400.
Phytoplankton biomass was calculated by multiplying the number of
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cells of a given species by its average cell volume (calculated using
digital photographs and the direct measurement of the linear dimen-
sions) (Hillebrand et al., 1999). In addition to temporal verification of
the chlorophyll sensor, spatial verification was also carried out by
collecting water from 6 depths (surface, 2,4,6,8,10 m) using a 5L Van
Dorn sampler. These water samples were analysed for phytoplankton
biomass using both the ethanol extraction and inverted microscope
methods described above. This was done on two occasions in 2012
(April 18th and May 30™). The results from both these analyses (chl a
extraction and phytoplankton biomass) were matched by date and
water depth to the readings from the fluorometer.

2.4. Statistical analysis

Generalised additive mixed modelling (GAMM) with a cubic
smoothing regression spline was used to explore the main drivers
controlling chlorophyll fluorescence (~algal biomass) over the study
period. The response variable was the maximum midnight ChlF in the
water column (maxChlF) which was log transformed prior to the ana-
lysis. Driving (explanatory variables) included are described above in
section 2.2. Cross validation was used to determine the main drivers of
maxChlF using the mgcv package (Wood, 2011) in R (version 3.4.3, R
Core Team, 2017). There was a high degree of temporal autocorrelation
in the datasets, which could not be accounted for using a correlation
structure in a model with daily data, and therefore all data were ag-
gregated to five-day means. Since collinearity between independent
variables can be an issue in GAMs (Zuur et al., 2009), variables were
not included in the same model where they breached a conservative
threshold of a Pearsons r < 0.4 (Dormann et al., 2012). Alternate
models were tested where there were strong correlations between ex-
planatory variables. The optimum model was selected following the
protocol described in Zuur et al. (2009). The gam. check function in
mgcv (Zuur et al., 2009) was used to check for any breach of the as-
sumption of equal variance. Since this assumption was breached in the
final model, it was accounted for by including an exponential variance
structure. An auto-correlation function plot of the residuals of this
model indicated a breach of the assumption of independence which was
accounted for by inclusion of an autocorrelation-moving average (cor-
ARMA) correlation structure. The optimum values of p and q in this
structure were selected based on the Akaike Information Criterion (AIC)
(Sakamoto et al., 1986).

General additive modelling was also used to investigate the driving
variables of the depth of the DCM, but was unsuccessful - i.e. no sig-
nificant relationships were found. We therefore used an alternative
statistical method to look for thresholds in the driving variables that
may account for the position of the DCM in the water column. Two
complementary unbiased recursive partitioning methods, conditional
inference forests (cforest: CIF) and regression conditional inference tree
(ctree: CIT) (Hothorn et al., 2006; Strobl et al., 2007, 2008) were run
using the party (v.1.3-0) package in R (version 3.4.3, R Core Team,
2017). For more details regarding the advantages of recursive parti-
tioning and random forests over classical regression methods (linear
and logistic regression) see Strobl et al. (2009). Firstly, the CIF method
was used to rank the importance of the driving variables, measuring the
impact of each driver variable individually, as well as in multivariate
interactions with other variables. We set the ntree parameter in par-
ty:cforest control function to 2000 as compromise between accuracy
and computational effort. The number of randomly pre-selected vari-
ables was set to 3 (Strobl et al., 2008). After this, the CIT method was
used to build a single tree representative of the statistically significant
driving variables of the depth of the DCM. The CIT method uses un-
biased variable selection through conditional permutation tests to select
the driver variable with the most significant association (smallest p-
value) with the response variable (depth of the DCM). The CIT method
terminates once the global null hypothesis of independence can no
longer be rejected or no explanatory variables remains. Treating the p-
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value as hyperparameter (calculated either by exact calculation, Monte
Carlo or asymptotic approximation) can be computational expensive,
especially for large datasets, so we set an exact value of 0.99
(p < 0.001) for the mincriterion parameter in party:ctree package. All
other method parameters were left to their default values. The well-
known statistical theory embedded in this method ensures that the
right-sized tree is grown without additional pruning, cross-validation
and independent of overfitting (Hothorn et al., 2006). The output of the
CIT method is an easily interpreted hierarchical tree-structured model,
in which the tree root variable has strongest association with the re-
sponse variable, and then less significant driving variables are arranged
with binary splits lower in the tree, each representing a certain partition
of the dataset under the given conditional control statements in that
particular tree branch. For both the CIF and CIT analyses, statistical
metrics of RMSE and R? metric are calculated to estimate model per-
formance.

3. Results

Data from the AWQMS confirmed that, for the years between 2009
and 2014, Lough Furnace was permanently stratified, with a Z si-
tuated at an average depth of 2.12m (range: 0.7-6.4m) (Fig. 2). The
epilimnion was predominantly freshwater (mean salinity = 4.06,
range: 0.02-22.12) and was well oxygenated throughout the study
period (mean dissolved oxygen = 10.63mg1~ %, range:
6.86-14.23 mgl’l). In contrast, the hypolimnion was saline (mean
salinity = 19.25, range: 15.42-24.09) and hypoxic conditions prevailed
below Zp;, (mean dissolved oxygen =2.34mgl™!, range:
0.08-7.57mg1™"). Average Secchi depth over the study period was
1.8m (range 1.1-2.7m). Using the correction of Koenings and
Edmondson (1991) (Kd = 2.7/Secchi depth), these Secchi depths in-
dicate that the average Kd was 1.6 m (range: 1.0-2.5 m) over the time
period. This corresponds to 1% Par (= In100/Kd (Leach et al., n. d.))
situated at an average depth of 3m (range: 1.9-4.6 m). The average
total phosphorus (TP_ concentration over the study period was 8 ug TP
17! (range 4-17 ug TP 1~ 1), while total nitrogen averaged 0.23 mg TN
171 (range 0.02-0.47mg TN 1™ 1),

A consistent annual pattern in ChlF was apparent across all years,
with values increasing from a winter baseline of < 14 RFU in mid-
February and dropping back to baseline values in the middle of
November (Fig. 3). ChlF had a mean of 20.35 rfu ( * s.d. 28.65 rfu) for
the whole time series, and ranged between 3.89 and 266.66 rfu. In all
six years, maxChlF generally occurred below Z;, and high values of
ChlF were often recorded relatively deep in the hypolimnion, 3-5m
below the surface. The average depth of the DCM over the entire time
series was 4.1 m (range 0.5-13 m). Missing data in 2009 meant that the
annual succession pattern was not captured in that year. ChlF recorded
in 2011 and 2012 was relatively low and quite patchy throughout the
year. In contrast, a strong persistent ChlF signal was recorded in 2010,
2013 and 2014 (Fig. 4). In these three years, a dynamic DCM was ap-
parent, developing near the surface in February, and deepening as the
spring and summer progressed through to September. Maximum ChlIF
was often recorded just below the depth of maximum water stability. In
both 2013 and 2014, ChlF was apparent thoughout the water column
for a number of days in autumn. In both years, this phenomenon oc-
curred when the freshwater epilimnion was very shallow, and Z,;; was
close the surface of the lake.

The overall correlation between ChlF and ethanol extracted Chl-a
was 0.53 (Pearson correlation, p < 0.001, n = 83) (Fig. 5). This in-
cluded both epilimnetic samples collected approximately monthly be-
tween 2009 and 2014, and those collected vertically through the water
column in April and May 2011. ChIF was also correlated with total
biomass of phytoplankton (log;, transformed pm® ml ™) counted using
an inverted microscope (Pearson correlation = 0.37, p < 0.05,
n = 34).

The phytoplankton of Lough Furnace comprised a mix of freshwater
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and marine species from the following phyla: Bacillariophyta,
Chlorophyta, Cryptophyta, Dinophyta, Haptophyta and Euglenophyta,
(Fig. 6). Very small amounts of Chrysophyta (two individuals of a Di-
nobyron sp.) were recorded in July 2013 but are not included in Fig. 6
for clarity. Euglenophyta were often recorded in 2010, but not at all in
2013. Haptophyta were recorded in 2013 (Pavilova sp. and Pseudopedi-
nella sp), but not at all in 2010. We attribute these differences to an
issue with preservation of samples and/or familiarity of the scientist
doing the counts with certain groups. Changes in biomass and species

composition through the years 2010 and 2013 (the years for which we
have detailed phytoplankton counts) showed a seasonal pattern con-
sistent with the ChlF signal, initially progressing from a winter biomass
minimum to a ‘spring-bloom’ phase of diatom predominance between
March and May. This bloom was a little later in 2013, in comparison to
2010. Freshwater diatoms Asterionella formosa, Aulacoseira spp. and
Diatoma sp. were frequent throughout the year, and formed the greater
part of the spring bloom maximum. The spring diatom bloom was
dominated by freshwater taxa, but the marine centric diatoms

1 9 Fig. 3. Contour plot of midnight chlorophyll
5 o fluorescence (rfu — relative fluorescence units) in
3 = Lough Furnace for each day from 2009 to 2014.
~ White areas indicate days where data were
4 B o missing. Zny,ix (the bottom of the surface mixed
s 5 & layer) is indicated by the red line, and estimated
= 6 I o % 1% PAR by black dots. (For interpretation of the
‘g_ 7 ™ & references to colour in this figure legend, the
o 8 ~ reader is referred to the Web version of this ar-
9 — - & ticle.)
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Thalassiosira spp. and Skeletonema spp. also occurred. Although chlor-
ophytes never attained great biomass in Furnace, the species Mono-
raphidium contortum and Closterium acutum occurred in all but one
monthly sample. The cryptophyte nanoflagellate Chroomonas acuta was
present in every sample. Samples from spring and early summer showed
the greatest range of marine species in Lough Furnace. Of these, the
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most abundant were the dinoflagellate Heterocapsa triquetra, and a
number of nanoplanktonic flagellates, including the cryptophyte Tele-
aulax acuta, as well as the Haptophytes Pavlova sp. and Pseudopedinella
sp. The dinoflagellates Prorocentrum micans and Dinophysis sp occur
also. Oxyrrhis marina was recorded in April, June, July and October
2010 samples. A bloom of Prorocentrum minimum in Lough Furnace was
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evident in the surface samples enumerated from August and September
2013. Bloom conditions ceased by the end of October, and P. minimum
was absent by November. As the fluorometer indicated biomass of
phytoplankton throughout the water column in October 2013 and
2014, archived samples from 2014 were examined to ascertain the
source of this chlorophyll fluorescence. As with 2013, the dominant
species in August and September 2014 was P. minimum, and we assume
that this species contributed significantly to the chlorophyll signal
picked up by our sensor at all depths during those short periods in the
autumn of 2013 and 2014.

The vertical distribution of phytoplankton species was examined in
April and May 2012 (Fig. 7). Similar to the surface samples, the main
components of these phytoplankton assemblages were Bacilliarophytes
and Dinophytes. The microscope counts confirmed that there was sig-
nificant phytoplankton biomass in April and May 2012 below the epi-
limnion, which is where the fluorometer also signalled maximum ChlF.
In April, the main biomass at depth comprised the dinoflagellates
Heterocapsa triquetra and Oxyrrhis marina, both of which actually oc-
curred at all depths, but peaked at 4 m.

GAMM analysis based on five day mean values indicated that the
main drivers of maxChlF were the depth of the surface mixed layer
(Zmix) and average daily solar radiation, and the optimum model ex-
plained 32% of the deviance in maxChlF (Table 1). There was a gen-
erally negative relationship between maxChlF and Z. - that is
maxChlF was highest when the epilimnion was shallow, and decreased
as Znix got deeper. MaxChlF increased with higher solar radiation, and

was lowest in the winter months when days were short (Fig. 7). We note
that Z,;x was correlated with epilimnetic temperature, and a model
including epilimnetic temperature on its own explained nearly as much
variation as the optimum model (28% of deviance) The analysis also
highlighted the fact that many of the potential explanatory variables
were significantly correlated (supplemental information), and while
Zmix and solar radiation were the best numerical predictors of maxChlF,
these two variables may act as proxies for other explanatory variables
such as the tidal influence, the amount of freshwater input from the
upper catchment, epilimnetic physicochemical conditions and the
general seasonal weather patterns for this geographic area. In parti-
cular, Z,;x was highly correlated with the water level in Lough Feeagh,
which determines the amount of freshwater flowing into Lough Fur-
nace.

According to the variable importance chart produced by the CIF
analysis, epilimnetic water temperature and epilimnetic salinity were
the two top highest rated driving variables of the depth of the DCM
(RMSE = 1.13, R? (adj) = 0.25). The optimal CIT also included epi-
limnetic water temperature and epilimnetic salinity, in addition to Z .
(Fig. 8, RMSE = 1.34, R? (adj) = 0.21). The CIT indicates that the
deepest DCMs occurred in warmer months when the epilimnetic water
temperature exceeded 13.92 °C (n = 295, mean depth = 2.76), but also
when the epilimnion was a little more saline (n = 147, mean
depth = 3.92). This branch of the tree contains almost 70% (449/663)
of days in the dataset and comprises measurements taken between May
and October of each year. The deepest DCMs during these summer and
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autumn months (right hand node of Fig. 8) were associated with per-
iods of low freshwater inflow, and greater intrusion of tidal water into
the main basin. This increased the salinity throughout the water
column, including the epilimnion (as indicated by increased epilimnetic
salinity), and during these periods, the DCM was often well below Z ;4.
When the epilimnnion was cooler (30% of the dataset), deeper DCMs
tended to occur when Z.,;, was shallow (i.e. less than 2.14 m).

4. Discussion

Our findings show that an automatic, high frequency chlorophyll

fluorescence sensor can provide unprecedented insight into the inter-
annual and spatial dynamics of phytoplankton in a coastal lagoon,
systems that are, by their nature, generally more dynamic than the
upstream and downstream habitats which they bridge. Owing to their
fast generation time, phytoplankton can be highly sensitive to en-
vironmental change, responding through changes in taxonomic com-
position, structure, and seasonal dynamics (Winder and Sommer,
2012). We would therefore expect that lagoon phytoplankton would
respond to both freshwater and tidal influences, as well as vary sea-
sonally as predicted by the PEG model for freshwater systems -i.e.
display a distinct spring bloom, followed by highest phytoplankton
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Fig. 7. Smoothers for the optimum general ad-
ditive model, with maximum chlorophyll fluor-
escence (RFU, log;, transformed) as the re-
sponse variable and global solar radiation (J
cm~?) and mixing depth (Znx) as significant
independent variables; y axis units represent the
centred linear predictor of the model with the
estimated degrees of freedom in the brackets.
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Table 1

Generalised additive mixed model of chlorophyll fluorescence in Lough Furnace
between 2009 and 2014. The response variable, (5 day average of maxChlF)
was log;o transformed maximum daily fluorescence measured by a chlorophyll
fluorometer. Explanatory variables included were Z,;x (m) and solar radiation
(J/ecm™2). R? (adj) = 0.32, Scale est. = 0.16 and n = 258.

Parametric coefficients Estimate  Std. Error t-value p

Intercept 1.16 0.06 18.68 < 0.01

Approximate significance of smooth edf Ref.df F P
terms

s(Solar radiation) 1.85 1.85 7.76 < 0.01

S(Zimix) 4.62 4.62 10.97 < 0.01

biomass in mid-summer (Brentrup et al., 2016; De Senerpont Domis
et al., 2013; Sommer et al., 1986). Our results confirmed this ex-
pectation, with ChlF increasing as spring progresses to summer. The
GAMM indicated that either solar radiation or water temperature, two
variables which co-vary, could adequately describe the seasonal in-
crease and decrease of phytoplankton biomass (as indicated by
maxChlF). However, we also found that the inclusion of Z,;,, (the depth
of the freshwater epilimnion) increased the descriptive power of the
model, and that as Z,;, increased, maxChlF decreased. Z,;, is primarily
determined by the amount of freshwater flowing into Furnace from
upstream Lough Feeagh, and is a reflection of rainfall in the upper
catchment in the preceding days. As high rainfall events are common in
this catchment, it is likely that freshwater inflow leads to either a wash
out of phytoplankton to sea, or alternatively a dilution of the standing
stock of algal biomass in the epilimnion. Either alternative explanation
could lead to a reduced ChIF signal in the lagoon. Dilution is a possi-
bility if the inflowing water from upstream Lough Feeagh contains less
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phytoplankton than that of Lough Furnace. This is the case throughout
the year, but particularly in mid-summer, when the ethanol extracted
Chl a in Furnace can reach 5-6 ugl~*, while that of Lough Feeagh is
rarely greater than 2ugl™! (de Eyto et al., 2016). As the inclusion of
both variables (solar radiation and Z,;,) better explain ChlF than solar
radiation alone, we conclude that increased freshwater inflow into the
lake decreases algal biomass, irrespective of the season.

The high density of phytoplankton in the hypolimnion over 6 years
confirms that at certain times of the year, the phytoplankton assem-
blage in this lagoon thrives in the dark, hypoxic environment of the
hypolimnion. While there are many reports of phytoplankton thriving
below oxyclines in freshwater lakes (reviewed in Gervais et al., 2003), it
is hard to find literature describing this phenomenon in coastal lagoons,
where there is the added dimension of salinity. Both top down and
bottom up explanations for the occurrence of DCM's in this habitat are
both likely, as are physical processes. A top down driver for the posi-
tioning of the DCM might include reduced grazing, or avoidance of
zooplankton predation. Monthly zooplankton samples taken with a
vertical haul through the top 8 m of Lough Furnace comprised a mix of
marine, brackish and freshwater copepods (particularly in the summer
months), as well as a species rich assemblage of rotifers (McKenna,
2013). However, these samples encompassed both the hypo- and epi-
limnia and so we cannot be conclusive about where, in the water
column, predation pressure might be greatest. This will be a fruitful line
of enquiry for future studies.

A physical driver of this observed pattern of hypolimnetic phyto-
plankton abundance is likely the difference in turbulent flow between
the epilimnion, comprising a fast flowing seaward freshwater layer
(with an average freshwater residence time of ~4 days) and the more
stable saline hypolimnion, which generally experiences weak tidal
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Fig. 8. Conditional inference tree showing the main driving variables (statistically significant variables with p < 0.001) of the depth of maxChlF in Lough Furnace.
RMSE error rate between measured and predicted values was 1.34 and R? (adj) = 0.21. The mean depth of the DCM in each node is given underneath each boxplot.
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currents and long residence times (Kelly et al., 2018). Buoyancy fre-
quency profiles indicated that an extremely large density jump occurs
abruptly over a very thin depth interval at the base of the freshwater
epilimnion (i.e. Zy;x depth) but below this depth a more continuous
region of saline stratification exists, often several metres thick and
frequently occupied by the DCM (yellow-coloured pycnocline region in
Fig. 4). This region of stratification, despite experiencing lower light
availability than further up in the water column, appears to function as
a stable shelf for phytoplankton, where they avoid advection out of the
lagoon by surface outflow and may be sheltered from the intense shear
that is anticipated to regularly occur directly at the density interface
between the fresh and saline layer, as a result of tidal straining and
wind entrainment (e.g. (Simpson et al., 1990). Our results support the
occurrence of this bottom up control by physical drivers, as the deeper
DCM were associated with time periods in summer and autumn when
freshwater inflow was low, and the epilimnion was shallow, warm and
saline. It is likely in these conditions, that the hypolimnion offers a
more stable environment for tolerant species to thrive.

The fine temporal resolution of the fluorometer data was particu-
larly useful to capture short lived blooms that may have been missed
with monthly, or even fortnightly manual sampling. In both 2013 and
2014, blooms of Prorocentrum minimum, which lasted only a couple of
days, were captured throughout the water column by the fluorometer.
Microscope counts of the samples taken close to these dates confirmed a
high density of P. minuimum, reaching a peak of 570 individuals per ml
in September 2013. Although P. minimum has a wide geographical
distribution, blooms generally occur in coastal and inshore areas that
are affected by fresh water and/or anthropogenic inputs. Some clones
of this species have been reported to produce toxic blooms, but P.
minimum is not considered to be persistently toxic (Macedo et al.,
2001). In Portugal, P. minimum blooms have been reported in the
Obidos Lagoon after heavy rainfall (Silva, 1985). However, the occur-
rence of these whole column phytoplankton blooms in Furnace coin-
cided with years when an unusually low freshwater input into (and
hence out of) the inner basin was accompanied by large spring tides
(and potentially, variations in coastal water density), resulting in a
dynamic renewal of the stagnant, anoxic deep water (Kelly et al., 2018).
Therefore, the presence of ChIF (probably P. minimum) through the
water column in 2013 and 2014 was likely the result of a bulk advec-
tion of marine phytoplankton from the adjacent coastal waters by larger
than usual tidal inflows which may have seeded the subsequent bloom.
Phytoplankton blooms were found to have occurred following a deep-
water renewal by tidal intrusion in a Scottish fjord (Watts et al., 1998)
and more generally, the impact of deep-water renewal and the release
of nutrients accumulated in stagnant anoxic bottom waters can fuel
profound changes in biogeochemical processes (e.g. Lehmann et al.,
2015). Weekly phytoplankton sampling of Clew Bay is carried out as
part of the Harmful Algal Bloom (HABS) program run by the Marine
Institute (www.marine.ie/Home/site-area/data-services/interactive-
maps/weekly-hab-bulletin), and P. minimum was recorded in the
north of Clew Bay during August and September of both years. These
observations add some weight of evidence to the idea that the blooms in
Furnace of this species originated in coastal waters, and were trans-
ported into the lough with high tides. More generally, the results from
the CIT analysis on the depth of the DCMs indicated that deeper DCMs
coincided with time periods when low fresh water input allowed larger
than normal intrusion of tidal waters (as indicated by higher epilim-
netic salinity). The data presented here do not allow us to conclude
whether this resulted from migration of coastal phytoplankton into the
hypolimnion of Furnace, or active migration of resident phytoplankton
to greater depths. Combining the fluorometer data with high frequency
sampling of the estuary and incoming tide would confirm which ex-
planation is more plausible.

A severe limitation of this study is the lack of high frequency nu-
trient data which we presume accounts for a proportion of the variation
in ChlF. Bottom up control of phytoplankton biomass by nutrient
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availability has been demonstrated around the coast of Ireland, with
reductions in phosphorus input resulting in decreases in chlorophyll a
concentrations in several estuaries (Ni Longphuirt et al., 2016), and we
presume that the spring bloom of diatoms is controlled to a large extent
by nutrient availability (including micronutrients such as silica). Total
phosphorus measured in Loughs Feeagh and Furnace during the study
period indicate that both systems are oligotrophic (average of 7.5 and
8ug TP 17 respectively), while nutrient levels measured in Clew Bay
by the Irish EPA are also relatively low (supplemental information).
Average values of PO,—P, NH3—N and TON were 16pug 171,
0.04mgl1™!, and 0.07 mg1~! respectively in the main tidal inflow into
Lough Furnace, measured in the summer months from 2009 to 2014.
The work described in the current study indicates that targeted sam-
pling of nutrients flowing into and out of Lough Furnace at crucial times
of the year will be required to ascertain the role of nutrients in con-
trolling the development of algal biomass, particularly at depth. Sam-
pling during spring tides and when the epilimnion is shallow would be
particularly informative.

However, it is of note that nutrients have been found to play a
secondary role in explaining phytoplankton biomass variability in other
coastal lagoons, where physical forcing such as riverine flow and wind-
induced turbulence are more important (Artigas et al., 2014). Our mi-
croscopy provided some insight into the complexity of the phyto-
plankton assemblage that made up the DCM. The occurrence of motile
and mixotrophic species indicates that the food web in this lagoon is
complex, with a blurred boundary between producers and consumers,
as described by Ward and Fallows (2016), allowing energy and biomass
to enter the food web across multiple trophic levels. For example, di-
noflagellates were a common component of the phytoplankton, both in
the surface samples enumerated from 2010 to 2013, and from samples
taken at depth in 2012. Species such as Heterocapsa triquetra and Di-
nophysis acuta were found in conjunction with the ciliate Mesodinium
sp., a prey item which dinoflagellates are known to feed on (Litaker
et al., 2002; Reguera et al., 2012; Velo-Suarez et al., 2014). Crypto-
phytes were also very common in Lough Furnace, and because they are
motile, can be found deeper in the water column where they may utilise
nutrients that have been depleted in the epilimnion (Gervais, 1998), but
also use a heterotrophic diet if required. On many occasions, the DCM
was located well below where we estimate 1% PAR was reaching. While
we couldnt include our low frequency light measurements in our data
analysis, the variability in light availability, as indicted by monthly
Secchi depth readings, is far less than the variability in the depth of
DCM, indicating that light availability may not be one of the main
drivers of DCM formation in Furnace. The occurrence, location and
composition of the DCM in Lough Furnace indicates that the classic
descriptors of bottom up (nutrient availability) and top down (preda-
tion) control of algal biomass need to be supplemented by additional
information about food web structure.

In this study, we have used chlorophyll fluorescence as a proxy for
algal biomass. However, while there was a significant positive corre-
lation between fluorescence and both extracted chlorophyll a and
phytoplankton biomass, the relationships were not particularly strong.
Chlorophyll fluorescence is measured and used as a proxy for phyto-
plankton biomass through use of the carbon/chlorophyll ratio (C:Chl)
(Banse, 1977). However, the ratio of carbon to chlorophyll does not
remain constant and can vary widely between taxonomic groups and
within species depending on external conditions, leading to situations
where detectable chlorophyll levels may not be representative of the
actual distribution of phytoplankton biomass (Cullen, 1982). For ex-
ample, diatoms generally have a lower C:Chl ratio than the smaller
dinoflagellates and cyanobacteria (Chan, 1980; Sathyendranath et al.,
2009), meaning that use of average C:Chl ratios, for example during a
dinoflagellate bloom, can underestimate plankton biomass (Domingues
et al., 2008). The C:Chl ratio has also been shown to be influenced by
light, nutrient and temperature conditions in algal culture experiments
(Geider et al., 2004; Laws and Bannister, 1980; Spilling et al., 2015).
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For example, phytoplankton may photoinhibit through down-regula-
tion of their photosynthetic pigments during high light exposure in
order to prevent photooxidative damage (Long et al., 1994). This would
lead to a reduction in the levels of detectable chlorophyll a fluores-
cence, which if measured, would not be representative of actual
chlorophyll a concentrations or more importantly, phytoplankton bio-
mass. We have avoided this being an issue in our analysis by only using
profiles collected at midnight. the significant correlation in this study
between ChIF and both extracted Chl a and biomass of phytoplankton
indicates that the fluorometer was capturing biological meaningful
signals, but at a spatial and temporal resolution which would be chal-
lenging to achieve with traditional methods. We are not advocating that
autonomous sensing is a better monitoring method than traditional Chl
a extractions or phytoplankton counts. Instead, we suggest that a
combination of autonomous sampling and targeted spot samples can be
used to gain a full understanding of how phytoplankton are responding
to seasonal changes in a very dynamic environment.

5. Conclusions

We conclude that the spatial and temporal dynamics of phyto-
plankton assemblages in stratified coastal lagoons are highly variable,
but somewhat predictable at an annual scale. The development of a
spring bloom, followed by the deepening of a deep chlorophyll max-
imum occurred in all of the years of this study, although this pattern
was more defined in some years. High frequency monitoring using a
vertical profiling fluorometer allowed us to locate and quantify phy-
toplankton biomass in this dynamic environment, and demonstrated
that significant phytoplankton biomass occurred in the dark, hypoxic
hypolimnion, below a very strong stratification. Areas of future re-
search might include the contribution of mixotrophs to this hypolim-
netic biomass, quantifying the contribution of marine migrants to the
lagoon biomass and determining the role of physical controls, specifi-
cally quantifying the role of freshwater-tidal exchange fluxes with the
coastal ocean. It is inevitable and expected that coastal lagoons will
change more rapidly than the marine and freshwater habitats which
they bridge, particularly as sea levels rise and freshwater inflow un-
dergoes seasonal modification. Programs aimed at conserving and
managing the unique dynamic nature of coastal lagoons are needed,
and the development of 3-D models for threatened lagoons is war-
ranted. The data presented here provides a sound platform for such
work, which would then enable the investigation of potential impacts
under future climate scenarios.
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