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In coastal temperate environments, many processes known to affect the exchange of
particulate and dissolved matter between the seafloor and the water column follow
cyclical patterns of intra-annual variation. This study assesses the extent to which these
individual short term temporal variations affect specific direct drivers of seafloor-water
exchanges, how they interact with one another throughout the year, and what the
resulting seasonal variation in the direction and magnitude of benthic-pelagic exchange
is. Existing data from a multidisciplinary long-term time-series from the Western Channel
Observatory, United Kingdom, were combined with new experimental and in situ
data collected throughout a full seasonal cycle. These data, in combination with and
contextualized by time-series data, were used to define an average year, split into five
‘periods’ (winter, pre-bloom, bloom, post-bloom, and autumn) based around the known
importance of pelagic primary production and hydrodynamically active phases of the
year. Multivariate analyses were used to identify specific sub-sets of parameters that
described the various direct drivers of seafloor-water exchanges. Both dissolved and
particulate exchange showed three distinct periods of significant flux during the year,
although the specific timings of these periods and the cause-effect relationships to
the direct and indirect drivers differed between the two types of flux. Dissolved matter
exchange was dominated by an upward flux in the pre-bloom period driven by diffusion,
then a biologically induced upward flux during the bloom and an autumn downward
flux. The latter was attributable to the interactions of hydrodynamic and biological
activity on the seafloor. Particulate matter exchanges exhibited a strongly hydrologically
influenced upward flux during the winter, followed by a biologically induced downward
flux during the bloom and a second period of downward flux throughout post-bloom
and autumn periods. This was driven primarily through interactions between biological
activity, and physical and meteorological drivers. The integrated, holistic and quantitative
data-based analysis of intra-annual variability in benthic/pelagic fluxes presented in
this study in a representative temperate coastal environment, demonstrates not only
the various process’ inter-connectivity, but also their relative importance to each other.
Future investigations or modeling efforts of similar systems will benefit greatly from the
relationships and baseline rules established in this study.

Keywords: benthic/pelagic-exchange, hydrodynamic, inorganic nitrogen, intra-annual, organic carbon, particle,
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INTRODUCTION

The marine ecosystem can perhaps be considered the most inter-
connected ecosystem on Earth. There is a constant movement
and flux of materials through the exchange of living organisms
as well as the complex production, transformation and transport
of particulate and dissolved matter throughout the system. Many
of these connections are vital to the overall functioning of the
marine ecosystem. For example, the influx of organic matter from
the water column (pelagic) to the sea floor (benthos) provides a
vital source of food for many benthic organisms (Middelburg,
2018), while nutrient depleted pelagic environments can be
replenished from sedimentary sources (e.g., MacIntyre, 1998).
As the exchange of dissolved and particulate matter between
the benthos and the pelagic cannot be summarized in a single
process, but rather comprises of a series of exchange pathways
which are the product of physical, chemical and biological
factors interacting in the environment, their joint consideration
is required to gain a holistic understanding of the ecosystem in
question (Rühl et al., 2020). In the present study, we explore how
the complex network of benthic-pelagic (B/P) exchange pathways
may be affected by phenological and other environmental
patterns over the course of a year. Phenology, the cyclical and
often intra-annual occurrence of important biological events, is
known to shape environmental interactions in marine habitats
around the globe, and especially the temperate coastal ocean (e.g.,
Rudnick et al., 1985; Schafer et al., 2002; Tonkin et al., 2017).

Many of the pathways and processes involved in the exchange
of dissolved matter (DM) differ from those involved in the
transport of particulate matter (PM). While there is a distinct
group of direct drivers in the case of DM B/P exchange,
the exchange of PM can be influenced by a broader set of
direct drivers which are best grouped into two categories to
avoid unnecessary complication. However, PM and DM B/P
exchange do not occur completely in isolation, and there are
overlaps between their drivers of exchange (e.g., biological and
physical forms of resuspension). Due to the complexity of drivers
involved, for simplicity, in this paper, the B/P exchange of DM
and PM will therefore initially be considered separately before
being integrated to form a holistic framework.

The primary drivers of DM exchange are (a) the biological
pumping of water by macroinfauna known as bioirrigation
(Volkenborn et al., 2007, 2012), (b) the physical resuspension
of sediments and pore waters by currents or waves (Morris and
Howarth, 1998; Tengberg et al., 2003; Durrieu de Madron et al.,
2017), (c) the biological mixing of sediments and resulting release
of pore waters by macro-infauna (Berg et al., 2001; van Hoey
et al., 2008; Bouma et al., 2009; Montserrat et al., 2009), (d)
advective flushing from tides, currents and waves (Ehrenhauss
et al., 2004), and (e) diffusive flux (Berner, 1976; Revsbech
and Jorgensen, 1980; Boudreau, 2001). Each of these primary
processes affecting DM flux is driven by a number of secondary
factors that thereby exert an indirect effect. The five direct drivers
of DM B/P exchange are all weighted equally in this study,
though depending on the environment their relative influences
may vary (e.g., advection vs. diffusion depending on sediment
type; Glud, 2008).

As there is a large number of drivers of PM exchange,
these were grouped in this study, for simplicity, as: (a)
those that affect resuspension and upward transport of
benthic material into the water column (bioturbation, physical
resuspension, meroplanktonic larvae release, etc.), and (b)
those that affect downward flux and deposition of formerly
pelagic particulate matter (zooplanktonic ingestion and vertical
migration, hydrodynamic and thermodynamic water column
properties, etc.). Secondary drivers of PM exchange within both
groups are the specific processes which affect the likelihood and
severity of particle flux as well as the nature of the PM in question.

Many drivers of B/P exchange of DM and PM exhibit
periodic intra-annual variation. For example the periodic shifts
in nitrification and microbe community activity (Hansen et al.,
1981); variation in activity and abundance of vertical migrating
organisms (Atkinson and Sinclair, 2000; Kane et al., 2018);
variable quantities of pelagic POM supply and flux (Wakeham
and Lee, 1993); periodically occurring primary production events
(Barnes et al., 2015) and variation in the weather throughout the
year (Keim et al., 2004). The interactions of all drivers result in
net fluxes of DM and PM that vary throughout the year.

Previous studies that described phenological drivers of B/P
exchange focused on intra-annual variation (e.g., Graf, 1992), and
organic matter cycling (e.g., Meyer-Reil, 1983), but yet ignored
hydrographic processes such as tidal currents and storm events
which can drive physical resuspension and advective fluxes.
Annual phytoplankton bloom events are known to be a major
source of short-term (intra-annual) temporal variation (Barnes
et al., 2015), but only over the summer months. In autumn,
winter and pre-bloom periods it should thus not necessarily
be assumed that biological drivers are key determinants of B/P
exchange. In this study, we cover a complete intra-annual cycle,
and combine biological, biogeochemical, oceanographic and
hydrological data to provide a holistic picture of all intra-annual
periods at our study site. To this end, existing time-series data
that were collected in other contexts, were supplemented with
highly resolved and targeted in situ sampling and experimental
work. Thus, a unique holistic approach was used, including both
biological and non-biological drivers of B/P exchange and closing
the gaps left by previous studies that focused on either of the two
instead of integrating both (e.g., Graf, 1992; Tonkin et al., 2017).

In addition, the integration of a comprehensive time series
data set and targeted in situ and experimental measurements,
enables us to investigate temporal patterns of B/P exchange at a
widely representative temperate coastal site throughout the year,
in a more integrated way than previously done. Because we could
not practically assess all types of PM and DM exchange, and given
the differences between B/P exchange pathways of DM and PM,
we focus first on a specific type of DM, dissolved inorganic nitrite
(DIN), and then on a specific type of PM, particulate organic
carbon (POC), as examples individually. We then consider them
together. We chose two fundamental types of DM and PM, which
are deeply involved in key nutrient cycles in the global ocean, the
biosphere, as well as being related to ecosystem services delivered
by the global ocean, such as carbon sequestration, which are
paramount to regulation of the global planetary system such as
the climate system.
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Initially, we assess periodic intra-annual variability in the
environmental variables considered to be driving DM or
PM B/P exchange. Patterns in B/P exchange drivers and
processes following the phenological periods will then be
identified. Finally, utilizing both sets of information, we evaluate
whether the relative influence of different driver groups changes
intra-annually and identify cause-effect relationships between
drivers and processes.

MATERIALS AND METHODS

A number of existing data sets from an established long-
term monitoring station collected between 2009 and 2019 were
averaged by month. This created a record of monthly conditions
during an “average year,” thus minimizing the influences of
extreme events which are known to occur sporadically in some
years but not others (e.g., Zhang et al., 2015; Masselink et al.,
2016). The time-series data were then combined with targeted
experimental and in situ data collected from the same station
across an annual cycle (see Supplementary Appendices 1, 2 for
full list of variables included). To ensure the measurements made
over a single intra-annual cycle were representative of “typical”
conditions rather than outliers in a year shaped by extreme
events, conditions of the year in question were investigated in
context of the time-series data prior to the analysis. No extreme
outliers could be identified in any of the variables in question,
so they were found to be an acceptable representation of typical
conditions at the study site.

The Western Channel Observatory
The majority of the data were collected at Station L4 of
the Western Channel Observatory (WCO), which is situated
in the English Channel 11 miles off the coast of Plymouth,
United Kingdom (50.25◦N; 4.22◦W, see Figure 1). Water depth
at this site is roughly 50 m, and the site is characterized as
having dynamic water flow with semi-diurnal tidal flow and
riverine influences, experiencing depth-averaged current speeds
of roughly 0.35 m/s (Smyth et al., 2015a; Uncles et al., 2015).
The seabed comprises of sandy mud hosting an abundance of
bioturbating and bioirrigating organisms (Queirós et al., 2015b).
An organic-rich layer can be found immediately above the
seabed, that is re-suspended during the tidal cycle (Queirós et al.,
2019), the nepheloid layer.

A benthic station has been established close (1 km distance)
to the pelagic site (50.13◦N 4.11◦W, see Figure 1), and has been
sampled regularly since 2008. As connectivity between the pelagic
and benthic monitoring sites is well documented (Smyth et al.,
2015b; Tait et al., 2015; Zhang et al., 2015; Navarro-Barranco et al.,
2017; etc.), both are hereafter collectively referred to as Station L4.

Station L4 annually experiences seasonal thermal stratification
and nutrient depletion (Smyth et al., 2015a), which is typical of
temperate coastal waters (e.g., Allen et al., 2004; Blomqvist et al.,
2004; Holt and Umlauf, 2008; Jacobsen and Markager, 2016).
Based on Conductivity/Temperature/Density water column
profiles recorded between 2009 and 2018, thermal stratification
at this site starts on average on the 24–25th of May and ends

on the 03rd–4th of September, though it exhibits high inter-
annual variation in both duration and timing (see also Smyth
et al., 2010). Data collected through the WCO time series
utilized in this study include measurements of total and organic
particulate carbon and nitrogen (TPC, TPN, POC, PON), colored
dissolved organic matter (CDOM; Groom et al., 2009), suspended
particulate matter (SPM), dissolved oxygen (O2), phytoplankton
abundance and biomass (Widdicombe et al., 2010) as well
as zooplankton and meroplankton abundance (Eloire et al.,
2010; Highfield et al., 2010), benthic macrofauna abundance
and biomass (see e.g., Zhang et al., 2015), fluorescence and
chlorophyll a (see e.g., Aiken et al., 2004), water temperature,
photosynthetically active radiation (PAR), and mean sediment
grain size (d50). More detail on the data sets listed above can be
found in Supplementary Appendix 1.

In situ and Experimental Data Collection
Specific to This Study
Sediment erosion thresholds and critical shear stresses were
measured at four time points throughout the 2017–2018 period,
using the PML annular laboratory flumes (Widdows et al.,
1998b; see Supplementary Appendix 2). Sediment was collected
using deployments of a 0.1 m2 box core, ensuring the overlying
water layer and sediment surface would be disturbed as little
as possible throughout the coring process. The boxes were then
subsampled using eighth-annulus custom corers (hereafter “sub-
corers”) which were pushed into each sediment core and had
their bases sealed on deck using neoprene seal fitted plastic
lids. Overlaying bottom water retained in the box corer was
preserved when sub-cores were sampled in this way, and was
gently aerated for the duration of the transport back to the
laboratory. During transport, all sub-corers were kept in shaded
tubs, cooled by a seawater bath to help maintain temperature.
Jostling and other disturbances during transport were avoided
as far as possible as disruptions in the sediment fabric which
alter sedimentary properties have previously been shown to be
caused by transport procedures (Blomqvist, 1991). Upon arrival
at the Plymouth Marine Laboratory mesocosm facility, the sub-
cores were inserted into the annular flumes by gentle removal of
sub-scorers, and water level topped up using bottom water from
the collection site, sampled with a Rosette sampler as described.
Water level was achieved by pouring the bottom water over
a layer of bubble wrap to reduce disturbance to the sediment
surface (as introduced in Widdows et al., 1998a). The flumes were
then left to settle for 7 days in darkened and aerated conditions
at L4 bottom water temperatures. The mesocosm laboratory is
an environment controlled room where, in addition to other
controls, air, and thereby also water, temperature is regulated
on a monthly basis to follow the seasonal cycle of bottom water
temperature at L4 (Queirós et al., 2015a).

The flumes were run using the appended program (see
Supplementary Appendix 3) and sediment erodibility and
cohesion were measured in terms of optical backscatter using
Optical Backscatter Sensors (OBS) as well as SPM samples at
each velocity step. SPM samples were taken from the upper third
of the water column during the run of the flume exactly 1 m
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FIGURE 1 | Location of sampling stations including the pelagic and benthic L4 sites, Rame Head MET station, Looe wave buoy, PML MET station, Devonport tidal
gauge and Gunnislake river flow gauge, and their location relative to the UK in a broader geographical context in the top left corner box; map generated using Ocean
Data Viewer (Alfred Wegener Institute, 2019).

before the end of each velocity step using a Swinnex syringe filter
system with pre-ashed (450◦C for 24 h) pre-weighed 25 mm Glass
Fiber Filters (GFF; Whatmann). They were then placed in labeled
containers and stored in a fridge at 2◦C; if further analysis was
not possible within the next 24 h, samples were transferred to
a −20◦C freezer immediately after sampling. To determine the
quantity of SPM and POC in each sample, filters were dried
in an oven in pre-weighed petri dishes over night at 60◦C and

weighed again. They were then placed in a furnace and ashed for
24 h at 450◦C, after which they were weighed a final time. SPM
quantities were derived from the dry weight of the loaded filters
by subtracting the weight of each of the empty filters, and POC
was determined through the quantity of filtered material that was
lost on ignition during the ashing process.

In addition, 50 ml of in-flume water were extracted to assess
nitrite, ammonium, silicate, and phosphate concentrations, as
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well as the nitrite/nitrate ratio. Samples were collected at regular
time points; immediately before the run, 5 min into each velocity
step, and at the end of the flume run. The water was filtered
through acrodisk R© supor R© membrane filters 0.8/0.2 um (VWR)
and stored at −20◦C immediately after sampling. A 5 channel
Bran and Luebbe AAIII segmented flow auto analyzer was used
to measure concentrations.

Background SPM at the time of in situ core collection was
measured by filtering, drying and ashing 10 l of water collected
via a Rosette sampler from 0 m, 10 m, 20 m, 30 m, 40 m,
50 m depth, and water from 54 m (bottom water) was collected
from multicorer deployments (four perspex tubes of 80 cm
length and 10 cm diameter which capture the nepheloid layer
immediately above the sediment surface). These water samples
were processed in the same way as the flume water. Sediment
properties were assessed during the field campaign, including
bulk density, porosity, water content, permeability and POC
content. Samples were collected using 50 ml syringe corers
inserted vertically into the surface of three of the box cores at
each time point. Syringe corers were sealed and transported from
the field site to the laboratory upright to prevent water loss, in
darkened, cool conditions. Each syringe core was used to extract
sediment down to a depth of 5–6 cm, which was then split into
four sections to create a depth profile: 0–1 cm, 1–2 cm, 2–3 cm,
and 3–5 cm. Each section was placed in a pre-weighed petri dish,
weighed, dried over night at 60◦C, re-weighed, ashed for 24 h
at 450◦C and weighed again. The same types of sample were
also collected from inside the flumes immediately after the end
of the experiment. Sediment grain size was determined through
sub-sampling the initial box cores using the same kind of 50 ml
syringe corers. Samples were collected at 0–1 cm, 1–2 cm, 2–
3 cm, and 3–5 cm depth by dividing each syringe core in situ, and
several cores worth of segments were combined to gain samples
of approximately 100 g of each depth. After transport in cold and
dark conditions, samples were frozen at −20◦C until the time
of their analysis, for which a Coulter LS Variable Speed Fluid
Module plus particle size analyzer was used. For the analysis,
the sediment from each depth was mixed (depth-integrated 0–
5 cm depth) and subsampled into a glass beaker, diluted with
freshwater and stirred thoroughly, before being inserted directly
into the particle size analyzer’s sample chamber using a pipette
dripper to reach an obscuration of between 8 and 12%. Each
sample was measured three times to ensure that all size fractions
present in the sediment were represented in the output.

To measure bioturbation, four clear Perspex corers
(12 × 12 × 40 cm) were pushed directly into box cores
also sampled during field campaigns, sealed with plastic, rubber
and neoprene seals at each time point, and transported to
the laboratory for incubation under the same conditions as
the flume cores. Imaging and image analysis methods for the
time-lapse images collected during the bioturbation experiments
was carried out as described in Queirós et al. (2015b). In short,
particle tracing methods were used to measure bioturbation
activity and depth of natural communities by use of 2D imaging
under UV light of luminophore tracer distributions with images
collected at hourly intervals over the course 7 days. Bioturbation
activity was defined as the probability of particle displacement
and bioturbation depth, or rather distance, and describes the

average distance single particles are moved within a single
time step. Both were determined by fitting a random-walk
bioturbation model (Schiffers et al., 2011) to manually cropped
automatically processed time-series using scripts and techniques
described in Queirós et al. (2015b).

In addition, community bioturbation potentials (BPc) were
calculated from WCO macrofauna abundance and biomass data
using mobility and sediment reworking indices from Queirós
et al. (2013) and methods outlined in Solan et al. (2004).
Community bioirrigation potentials (BIPc) were calculated from
the same data based on methods described in Renz et al.
(2018) and indices derived from Queirós et al. (2013) as well
as from the Marine Ecosystems Research Project Trait Explorer
(Bruggeman, 2019). The inferring of potential bioturbation and
bioirrigation levels from macrofauna abundance and biomass
has been shown to underestimate regional variability based on
variations in locally varying dominating species (Gogina et al.,
2020). In temporal analyses of single locations with sufficiently
diverse communities such as the one at this site (>50 species),
BPc calculations are thought to be representative (Queirós et al.,
2015b; Neumann and Wrede, 2020).

Additional Data Acquisition
Further supplementary data were gathered from the
Meteorological office, the National River Flow Archive, the
Permanent Service for Mean Sea Level and Looe Wave buoy
services. While the Looe site is more coastal than L4, which
is situated in the English Channel, modeling has shown that
the wave heights measured in Looe are representative of those
occurring at L4 (Cazenave, unpublished data). The insights
gained through additions from these sources provide relevant
information on the weather conditions, potential riverine input
and tidal state, all of which are factors that have previously been
shown to affect L4 and the general Plymouth Sound area (Eloire
et al., 2010; Leynaert et al., 2011; Milliman and Farnsworth, 2013;
Barnes et al., 2015; Smyth et al., 2015b). A complete list of the
supplemental data sets used and their respective sources can be
found in Supplementary Appendix 1.

Data Analyses
For the purpose of this study, the year was divided into
phenological rather than meteorological periods (hereafter
simply referred to as periods, Table 1). These periods were based
around (a) the occurrence of the spring plankton bloom, as
this has been shown to be a highly influential factor driving
local intra-annual variability in a number of variables (Graf,
1992; Widdicombe et al., 2010), and (b) the historically more

TABLE 1 | Splitting of the year into five phenological periods; each period is
assigned a number by which it will be referred to here-after.

Period Months included

Winter December, January, February

Pre-bloom March, April

Bloom May, June

Post-bloom July, August, September

Autumn October, November
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hydrologically active part of the year around winter time. From
the WCO phytoplankton abundance and biomass data collection,
the average phytoplankton bloom dates at L4 were determined to
be between the 12th April and the 28th June, lasting on average
78 days. There can, however, be large variations in bloom timing,
magnitude and duration between years, with standard deviations
of the start date of 23 days and standard deviations of the bloom
ending of 60 days. These data were used to establish the unfolding
of phenological seasons at the site across the time-series. Based
on this, the bloom period was assigned the months of May and
June (Table 1), omitting April into the pre-bloom period as there
typically is a delay between initial organic matter production and
its interaction with the benthos. The winter period was defined as
December to February (Table 1), as this is the time of year during
which more than half the storm events that cause significant
wave heights above the storm threshold (defined as storms with a
≥0.25 year return period) occur, based on the long-term records
(NNRCMP, 2019). The pre-bloom season includes March and
April (Table 1) as a period during which the conditions needed
for the phytoplankton bloom to occur are established. July to
September are defined as the post-bloom season (Table 1), during
which thermal water column stratification and nutrient depletion
prevail, as described above in Section “The Western Channel
Observatory.” Autumn was assigned to the months of October
and November as the period following this, a transition period
between post-bloom and winter conditions.

Variables were combined into a variety of data sub-sets for
different parts of the analysis. To gain an understanding of the
intra-annual variability of the L4 site as a whole, the complete
data set with all variables was used (see Table 2). To investigate
individual B/P exchange drivers or processes, variables were
selected for analysis based on relationships identified in Rühl et al.
(2020; see Table 2 for a list of which variables were included
in the determination of which drivers/processes). For example,
variables which are known to affect bioirrigation-driven DM
B/P exchange processes, were grouped together to assess that
particular driver. Many of the variables were of significance
in multiple driver groups (e.g., sediment porosity and grain
size have an effect on both bioirrigation- and diffusion-driven
DM B/P exchanges). Where this was the case (verified through
multiple correlation analysis), duplication was eliminated in the
data sub set compiled for the investigation of the overall process
to avoid an overestimation of any single variable’s relative impact
(e.g., grain size was only included once in the assessment of
overall DM B/P exchange processes, despite having an impact on
several of the drivers).

Data sets were normalized to account for differences in scale
and units between variables. To avoid an over-estimation of the
impact of variables that are derived from one another (e.g., BPc
and BPIc are both dependent on macrofauna biomass), factors
considered to be affected by this were selectively excluded. For
example, in data sub-sets used as response variables in analysis
of similarity tests (ANOSIM; vegan package, Oksanen et al.,
2019) and Orthogonal Partial Least Squares discriminant analyses
(OPLS, ropls package; Thévenot et al., 2015), where both BPc
and benthic macrofauna biomass were considered of importance,
the latter was excluded, as it was already considered through
the inclusion of BPc. Factors which were excluded through these

considerations are indicated by brackets around their ticks in
Table 2. Rain fall and Copepod abundance data, which through
this was not considered directly in any of the data analyses, was
used to aid in the interpretation of the results.

To address the first aim of the study and assess periodic
intra-annual variability in environmental variables that drive
DM or PM B/P exchange, datasets were tested using ANOSIM.
For all ANOSIM tests, the five periods (see Table 1) were
applied as the predictors and the respective groups of variables
grouped into drivers and processes (see Table 2) were used as
responses (see Supplementary Appendix 4 for a table detailing
the specific predictor and response groups for each ANOSIM
test). Initially the complete set of variables was tested, to assess
intra-annual variability at this location in general. To determine
cause-effect relationships, and identify which factors are most
important for inter-periodic variability, OPLS were then applied.
OPLS were chosen due to their suitability for in between-class
discrimination when large within-class variation may be present,
and to allow incorporation of the various data sets to equal
degrees (Bylesjö et al., 2006). Within the OPLS, the month
groups into which the data had been averaged (see data sets
in Supplementary Appendix 2) or during which the data had
been collected (see data sets in Supplementary Appendix 1) was
applied as the class by which differences between dataset sub-
groups were identified (for listing of predictors and responses
of each model see Supplementary Appendix 5). Factors that
contributed significantly to the model fit were identified by
Variable Influence on Projection (VIP) values > 1. VIP values
reflect loading weights of each model component as well as
quantifying the variability of the response explained by the
components (Mehmood et al., 2012).

Particulate organic carbon and DIN were chosen as model
examples for PM and DM exchanges, respectively, based on data
availability and quality. The inter-periodic variability of POC
and DIN was investigated using ANOSIM testing, to gain an
understanding of the specific periodic fluctuations of the solute
and particulate example specimens chosen for this study. Where
periodic intra-annual patterns in DIN or POC were expected to
be linked to other environmental parameters, based on causal
relationships identified in the literature, this was tested using
Pearson’s correlation coefficient (Pearson, 1895).

Addressing the second study aim, net patterns in B/P exchange
drivers and processes following the phenological periods were
identified through directed OPLS modeling of the various
data sub-sets (see Table 2). The third study aim, evaluating
temporal variation in the relative influence of different driver
groups, was achieved through the alignment of the temporal
variation of the drivers within a year, with that of the overall
processes. Recognition of particularly influential drivers and
factors was accomplished through the identification of factors
which contribute significantly to the intra-annual variation
(VIP > 1). Identification of intra-annual temporal patterns and
drivers through the OPLS modeling then facilitated the further
testing of individual drivers of specific interest for inter-periodic
variability in B/P exchanges using ANOSIM. As the ways in
which DM and PM exchange processes overlap and influence
one another, individual pairs of drivers of DM and PM (and
associated secondary driving factors) that have been identified as
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TABLE 2 | Selection of variables into data sub sets corresponding to DM and PM B/P exchange drivers and processes; asterisks indicate variables in which DM and PM exchange processes affect one another (see
analysis in section “Interactions Between DM and PM Exchange”).

Process X
——————-
Variables
↓

PM
resuspension

PM
deposition

Absolute PM
flux

Diffusion-
driven

Physical
resuspension

Advection Biological
mixing

Bioirrigation Absolute DM
flux

Particulate organic carbon (POC) X* X* X*

Total particulate carbon (TPC) X* X*

Total particulate nitrogen (TPN) X* X*

Particulate organic nitrogen (PON) X* X*

Colored dissolved organic matter
(CDOM)

X* X*

Suspended particulate matter (SPM) X X

Oxygen (O2) X X X X X X

Phytoplankton abundance and biomass X* X*

Zooplankton abundance X X

Meroplankton abundance X X

Copepod abundance (X) (X)

Benthic macrofauna abundance and
biomass

X* X* (X)* (X)* (X)*

Benthic fluorescence X* X* X* X* X*

Chlorophyll a (X*) (X*) X* X* X*

Rainfall (X) (X)

Max wave height, Tpeak and Tz X X X X X

Water temperature X X X X X

Salinity X* X*

Sediment grain size (X) (X) X* (X*) X* (X*)

τ0 X X X X

River flow X X

Tidal flow X X X X X X

Nitrate X* X* X* X* X* X*

Nitrate/nitrite ratio X* X* X* X* X* X*

Ammonia X* X* X* X* X* X*

Silicate X* X* X* X* X* X*

Phosphate X* X* X* X* X* X*
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such (one-way or both ways; see Rühl et al., 2020) were analyzed
jointly using crossed two-way ANOSIM (see response variables
marked with asterisks in Table 2).

To correct for potential familywise errors created through
the repeated inclusion and analysis of the same variables in
the various data sub-sets and tests, the Bonferroni correction
was applied to p-values of ANOSIM tests, to adjust the alpha
levels (Cabin and Mitchell, 2000). Bonferroni was chosen due
to the large number of ANOSIM tests carried out on different
parts of the same data set. To avoid the introduction of Type II
errors, alpha levels were adjusted separately for analyses specific
to DIN or POC (to p = 0.01, see tests in section “Periodic Intra-
Annual Variation in Individual Environmental Variables”), and
analyses of either the complete data set or the sub-sets specified
in Table 2 (p = 0.002, see first test in section “Periodic Intra-
Annual Variation in Individual Environmental Variables” and
tests in section “Intra-Annual Periodic Variation in Drivers of B/P
Exchange”), based on suggestions in Armstrong (2014). Statistical
analyses were carried out using cran R (R Core Team, 2019) and
PRIMER (PRIMERe version 7, Quest Research Limited).

RESULTS

Periodic Intra-Annual Variation in
Individual Environmental Variables
When all variables collected were considered, significant
differences between the five periods were clear (ANOSIM,
R = 0.906, p = 0.0001; for response and predictor variable
details see Supplementary Appendix 4, test 1). Variation in the
data throughout the year could be attributed to this (OPLS,
R2X = 0.683, R2Y = 0.989, Q2Y = 0.945, pR2Y = 0.05,
pQ2Y = 0.05). Variables which contributed significantly to the
OPLS model fit are numerous, indicating that many of the
variables considered in this study vary between the temporal
periods defined in this study (VIP > 1, see Supplementary
Appendix 5). VIPs include (in order of decreasing significance):
Wave height, Silicate concentration in the water column,
river flow rates, wave duration, phytoplankton abundance,
water column phosphate concentration, nitrate:nitrite ratio, and
ammonia concentration, surface SPM, near-bottom ammonia
concentration and nitrate:nitrite ratio, phytoplankton biomass
and wave peak period, near-bottom phosphate concentration,
tidal flow, near-bottom fluorescence, critical shear stress,
sediment OC content at 2–3 and 1–2 cm depth, SPM at 10 m
depth, benthic macrofauna biomass, and finally near-bottom
salinity and PAR.

Dissolved inorganic nitrite concentration at L4 follows
periodic patterns of depletion through the annual phytoplankton
bloom (bloom and post-bloom periods) and subsequent
replenishment through water column destratification (autumn;
see Figure 2 top) during which the distribution of DIN
throughout the water column varies significantly (ANOSIM,
R = 0.446, p = 0.013; see Supplementary Appendix 4, test
2). The potential of shear-stress driven DIN flux measured in
the flume experiment shows that this is also intra-annually
variable (ANOSIM, R = 0.608, p = 0.005; see Supplementary
Appendix 4, test 3), as was already indicated by OPLS model

1 (see Supplementary Appendix 5). Shear-stress driven fluxes
switch from a release of DIN from the sediment during the pre-
bloom period, to an influx from the water into the sediment
during the bloom (see Figure 2 bottom). It must be noted that
while the results of these experiments show that the potential
for shear stress-driven DIN fluxes is temporally variable, it is
unlikely that the required near-bed velocities are reached during
all periods (Uncles et al., 2015).

The distribution of POC throughout the water column also
varies throughout the periods (ANOSIM, R = 0.501, p = 0.004; see
Supplementary Appendix 4, test 4). The generally low levels of
POC in the water column are interrupted by surface maximums
throughout winter. This is linked to riverine influx, which is
particularly strong during this period (Pearson’s, t = 2.9558,
p = 0.01439; see also Uncles et al., 2015). Concentrations in
the nepheloid layer near the seabed, though generally higher
than water-column levels throughout the year, are elevated in
post-bloom and autumn periods (Figure 3, top) following the
deposition of organic matter after the end of the phytoplankton
bloom (Pearson’s, t = −2.361, p = 0.03989). Within the
sediment, the concentration of POC also changes with the periods
(ANOSIM, R = 0.45, p = 0.004; see Supplementary Appendix 4,
test 5), exhibiting high levels of POC in winter and autumn as
well as a brief sediment surface maximum during the bloom
and high levels of POC below 2 cm toward the end of winter
(Figure 3, middle). The surface maximum in the bloom period
is connected to the deposition of organic matter from the
phytoplankton bloom. Peaks in POC concentration within the
sediment in November and, especially intensely, February, are
less clear, but are likely to be connected to riverine sources of
POC, based on a previously published study of riverine influences
in this area (Uncles et al., 2015). Sedimentary POC at 3–5 cm
depth was positively correlated to benthic macrofauna biomass
(Pearson’s, t = 2.2949, p = 0.04739) but not to bioturbation
potential, activity, or depth. A potential correlation with bacterial
activity (as seen in Tait et al., 2015) could not be explored as no
microbial data was available for inclusion in this study. Shear-
stress induced flux potential of POC across the sediment-water
boundary does not exhibit periodic changes in direction, but
rather in magnitude (Figure 3, bottom; ANOSIM, R = 0.635,
p = 0.004; see Supplementary Appendix 4, test 6). Similarly to
the shear-stress driven DIN flux in Figure 2, the POC fluxes in
Figure 3 represent not necessarily fluxes that are present in the
natural environment throughout the entire year, but rather the
potential magnitude and direction of shear-stress-driven fluxes,
given a high enough near-bed water velocity.

Intra-Annual Periodic Variation in Drivers
of B/P Exchange
DM Flux (of DIN)
Intra-annual patterns of DM B/P exchanges and the variables
driving it (as identified in Rühl et al., 2020, see Table 2) were
investigated by focusing on DIN flux as an example.

Biological-mixing driven DM B/P exchange
There were no significant differences between the different
periods (ANOSIM, R = 0.602, p = 0.003; see Supplementary
Appendix 4, test 7; OPLS, R2X = 0.694, R2Y = 0.971, Q2Y = 0.623,
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FIGURE 2 | Top panel: Nitrite concentration throughout the water column at 0 m, 10 m, 25 m, and 50 m depth by month, during an “average year’s” cycle; Periods
as indicated through the dotted lines are labelled at the top of the figure; Monthly resolution (x-axis) shown to illustrate concentration at 0, 10, 25, 30, and 50 m
depth (y-axis); Bottom panel: Resuspension-driven B/P flux potential of Nitrite throughout the year, at critical erosion velocity; Negative values indicate influx from the
water to the sediment and vice versa.

pR2Y = 0.15, pQ2Y = 0.2; Supplementary Appendix 5, model 2).
The OPLS model did, however, highlight a distinction between
two groupings, winter and pre-bloom versus bloom to autumn
periods, due to the rates of biological mixing being significantly
larger in the second group than in the first. Variables of influence
on the intra-annual variability of biological mixing were not only
bioturbation activity and BPc, but also the water temperature at
depth (as warmer temperatures lead to higher levels of faunal
activity (Kinne, 1970) and mean sediment grain size in the
top 0–1 and 1–2 cm. The latter parameter may be related to
biological mixing conversely to what the model suggests as it
is known that biogenic sediment mixing can alter grain size
(Ginsburg and Lowenstam, 1958).

Advective flushing driven DM B/P exchange
Significant differences in advective flushing could be found
between periods (ANOSIM, R = 0.891, p = 0.0001; see
Supplementary Appendix 4, test 8; OPLS, R2X = 0.657,
R2Y = 0.775, Q2Y = 0.655, pR2Y = 0.05, pQ2Y = 0.05;
Supplementary Appendix 5, model 3). The potential for
advective flushing was higher in the colder half of the year
(autumn and winter) when sediment density below the surface
is lower and waves are higher and have longer peak periods and
durations. This is a simple physical effect, wherein stronger shear
stresses caused by increased wave action, in a less densely packed
sediment, are more likely to lead to advective flushing.

Bioirrigation driven DM B/P exchange
A significant intra-annual difference in bioirrigation, and
factors affecting bioirrigation levels, could be found (ANOSIM,
R = −0.446, p = 0.0013; see Supplementary Appendix 4, test

9; OPLS, R2X = 0.476, R2Y = 0.76, Q2Y = 0.417, pR2Y = 0.15,
pQ2Y = 0.05). The OPLS indicated that the periodic variability
of bioirrigation may be a product of the benthic animals’
rates of activity, which is higher when more or larger animals
live at elevated temperatures (water temperature VIP > 1, see
Supplementary Appendix 5), such as the conditions from bloom
time to autumn provide.

Diffusive flux driven DM B/P exchange
There were significant differences in diffusive flux and factors
affecting diffusive flux between periods (ANOSIM, R = 0.875,
p = 0.0002; see Supplementary Appendix 4, test 10). The
OPLS model also showed a clear separation between the periods
with only minor overlap between winter and pre-bloom (OPLS,
R2X = 0.954, R2Y = 0.975, Q2Y = 0.87, pR2Y = 0.05, pQ2Y = 0.05;
Supplementary Appendix 5, model 5). The OPLS highlights a
grouping of winter to pre-bloom periods as well as post-bloom
and autumn periods and a slight overlap of the bloom period into
July, which was classed as post-bloom period. Factors shaping
the model were O2 and Nitrite concentration at depth and the
density of the top 0–1 and 1–2 cm layers of sediment. Nutrient
concentrations in the water column are known to fluctuate,
driven by a depletion-replenishment cycle coupled to the pelagic
phytoplankton bloom (Aiken et al., 2004; Smyth et al., 2010).
The resulting concentration gradient between pelagic and benthic
environments is what seems to be driving the intra-annually
variable diffusion of solutes across the sediment-water boundary.

Physical resuspension driven DM B/P exchange
Overall, no significant difference in physical resuspension
between the periods could be detected (ANOSIM, R = 0.899,
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FIGURE 3 | Top panel: POC concentration throughout the water column (depth scale from the surface on the Y-axis) by month, recorded during 2017/2018,
including the nepheloid layer which is displayed at 54 m depth; Periods as indicated through the dotted lines are labelled at the top of the figure; Middle panel: POC
concentration in the sediment (depth scale from the sediment surface (0) downwards on the Y-axis) by month; Bottom panel: Resuspension-driven B/P flux potential
of POC from the water to the sediment throughout the year measured during flume experiments at critical erosion velocity; the consistently negative values indicate
that the overall flux direction does not change, only its magnitude.

p = 0.0001; see Supplementary Appendix 4, test 11), but the
OPLS model showed some grouping and separation of the
different periods (OPLS, R2X = 0.901, R2Y = 0.982, Q2Y = 0.959,
pR2Y = 0.05, pQ2Y = 0.05; Supplementary Appendix 5, model
6). There was a clear difference between winter, pre-bloom and
autumn periods versus bloom and post-bloom, with a higher
potential for physical resuspension in the former group. As
the model was shaped by hydrodynamic factors (wave period
and duration; tidal flow) this may be attributable to the higher
amounts of dynamic energy and shear stress the seabed is
exposed to in winter, pre-bloom and autumn. The hydrological
environment at L4 is known to be more dynamic in winter,
when the water column isn’t stratified and storm events are more
frequent and stronger, causing stronger mixing (Smyth et al.,
2010; NNRCMP, 2019).

Net DM B/P exchange
Based on the results detailed above, the relative importance of the
five drivers of benthic/pelagic solute exchange varies throughout
the year. Physical resuspension and advective flushing are
dominating the exchange in winter, diffusion is most influential
during pre-bloom, and biological mixing and bioirrigation
dominate starting during the bloom but most importantly in the
post-bloom period. The dominance switches from physical to
biological drivers early on in the bloom, and back again mid-way
through autumn (see Figure 4).

As advectively driven and physical resuspension-driven B/P
DM flux were both dominated by hydrodynamic elements, these
two drivers shared the same pattern of intra-annually variable
impact relative to the other drivers. The inter-play of physical and
biological drivers of DM B/P exchange throughout the periods
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FIGURE 4 | The variable influence of the DM exchange drivers throughout a typical year, between 1 = completely dominant, and −1 = irrelevant; periods are marked
through light grey vertical dotted lines.

leads to a distinct cycle of directional changes between upward
and downward DM fluxes (see Figure 5).

The first peak in this cycle (see peak A in Figure 5) is an
upward flux of DM, likely shaped by diffusion driven fluxes
(see Figure 4). Advective and physical resuspension drivers
may also play a role in this overall upward flux, through for
example the physical flushing out of buried DIN, though less
so than diffusion (see Figure 4). Nutrients from the organic
matter that had been deposited on the seafloor in the previous
bloom period have been mostly remineralized at this time of
year (Hansen et al., 1981). Low concentrations of dissolved O2 in
late summer and autumn can inhibit nitrification processes, but
throughout the winter, well mixed conditions facilitate optimal
conditions for DIN replenishment (Boynton et al., 2017). The
resulting nutrient concentration gradient between seafloor and
water column prompts this upward flux, and coupled with the
high levels of hydrodynamic energy and river flow in winter and
pre-bloom periods, this leads to the replenishment of nutrients in
the water column (Justic et al., 1995; Barnes et al., 2015).

The upward directed flux starting during the bloom period
and lasting half-way into post-bloom (see peak B in Figure 5) is
associated with the phytoplankton bloom in the water column
as this is known to deplete pelagic nutrients, thus facilitating a
replenishment from benthic sources and therefore upward flux
(e.g., Howarth, 1988; Cullen et al., 1992). Lastly, the direction of
DM B/P exchanges changes in post-bloom and a peak period of
downward directed DIN transport occurs in autumn (see peak C

in Figure 5). This corresponds to the biogenic uptake of DM
through biological mixing and bioirrigation, and subsequent
incorporation of DM in the benthos. Biological activity is at its
peak during this time (see Figure 4), and has thus the greatest
impact on the direction and magnitude of overall DM B/P
exchange processes.

POC Flux
Intra-annual patterns of PM B/P exchange and the variables
driving it (as identified in Rühl et al., 2020; see Table 2) were
investigated for the example of POC flux.

Upward transport and resuspension of particulates
There are significant periodic intra-annual differences in the
factors that directly and indirectly influence resuspension
(ANOSIM, R = 0.708, p = 0.0001; see Supplementary
Appendix 4, test 12; OPLS, R2X = 0.449, R2Y = 0.775,
Q2Y = −0.241, pR2Y = 0.15, pQ2Y = 0.5). The OPLS model
fit was shaped most distinctly by wave height, period and
duration, closely followed by critical shear stress and sediment
density. However, sedimentary POC content, bottom water
POC concentration, and bioturbation depth also played a role
(see Model 7 VIP scores in Supplementary Appendix 5).
This indicates that variations in the resuspension and upward
transport of PM are affected by both hydrodynamic and
biological parameters. Considering that the L4 environment has
been shown to be more biologically active in the warmer half
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FIGURE 5 | Direction of net DM B/P exchange throughout the five periods; periods are marked through light grey vertical dotted lines; notable peaks are labelled A,
B and C.

of the year (Smyth et al., 2015b) and that wave heights, peak
periods and durations are typically higher in the winter months
(NNRCMP, 2019), it can be assumed that the hydrodynamics
are driving PM upward fluxes in winter and biological drivers
take over in summer.

Downward transport and deposition of particulates
There were strong periodic intra-annual differences in PM
deposition (ANOSIM, R = 0.934, p = 0.0001; see Supplementary
Appendix 4, test 13), however the OPLS model did not show
a clear Periodic separation (OPLS, R2X = 0.604, R2Y = 0.57,
Q2Y = −0.222, pR2Y = 0.7, pQ2Y = 0.345). The model fit
was most strongly driven by tidal flow, followed by suspended
matter and POC concentrations throughout the water column
at all depths except the one closest to the seafloor. Water
temperature and river flow also played a role (see Model 8
VIP scores in Supplementary Appendix 5). When all factors
that directly or indirectly drive PM deposition are considered,
bloom and post-bloom periods are distinct from the others
as times of higher deposition rates. In the model, pre-bloom
and bloom times were separated from the others. The main
reason for this divide is that during these two periods, a
larger amount of SPM and less dynamic hydrographic forces
are present in the water column than at other times in the
year. Overall this suggests that depositional flux at this site
is proportional to the amount of suspended material: the
more suspended matter there is the more can be deposited.
There are large inputs of suspended matter into the water
column through pelagic primary production in summer and
riverine and resuspension input in winter (Dobrynin et al., 2010;

Widdicombe et al., 2010). This is likely the reason, why no
significant periodic intra-annual variation in downward B/P
flux could be identified: although the flux is unlikely to be
constant, it is largely independent on the periods as there is
always some material in suspension. To focus more specifically
on POC, SPM concentrations (which include both organic
and inorganic particulates) were excluded and the model run
was repeated. The resulting OPLS showed a clear separation
between pre-bloom, bloom and post-bloom periods while
autumn and winter periods were separate from the rest but
grouped together (OPLS, R2X = 0.749, R2Y = 0.865, Q2Y = 0.048,
pR2Y = 0.15, pQ2Y = 0.3). This model was still influenced by
POC concentrations at 0, 20, 30, and 40 m depth, but also by
tidal and river flow, wave height, chlorophyll a concentration and
zooplankton abundance (see Supplementary Appendix 5, Model
8a for VIP scores). This indicates that diel vertical migration,
based on the additional copepod data most likely of copepods, in
relation to the phytoplankton bloom reflected in the chlorophyll
data plays a role in POC deposition, in addition to the factors
previously mentioned to be impacting POC concentration in
the water column and thereby the potential for downward
transport and deposition.

Net PM B/P exchange
Overall these results indicate that inter-periodic differences
in benthic/pelagic POC exchange at L4 are reflected in
both deposition and resuspension. Comparing the intra-annual
temporal variation in the net upward and downward fluxes,
shows that the two alternate in terms of relative importance
throughout the year (see Figure 6).
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FIGURE 6 | The variable influence of the dominant direction of PM exchange through the interactions of its two driver groups throughout a typical year, ranging from
1 = completely dominant, to −1 = irrelevant; periods are marked through light grey vertical dotted lines.

As with DIN exchange, there is a divide in PM B/P exchange
drivers between the colder and the warmer halves of the
year. The switch between net upward and downward transport
through the alternation in relative importance of deposition and
resuspension throughout the year lead to a different cyclical
pattern in the overall direction of exchange than that of DM
exchange (see Figure 7).

Unsurprisingly, there is a general upward flux of PM during
winter and into the pre-bloom period (see peak A in Figure 7).
As this lessens throughout pre-bloom, the particulates placed in
suspension in winter sink downward again, leading to an overall
downward flux prior to the bloom (see peak B in Figure 7),
Another peak of deposition follows during the post-bloom period
and into autumn, reflecting the organic matter generated in the
bloom being deposited on the seafloor (see peak C in Figure 7).
This downward-directed PM flux also represents POC burial
during this time, as reflected in the POC distribution patterns
within the sediment during that time (Figure 3).

Interactions Between DM and PM
Exchange
The only DM driver whose inter-periodic variability was
enhanced through the focus on those factors which were
also affected by PM exchange (see Table 2) was biological

mixing (ANOSIM, R = 0.571, p = 0.0002; see Supplementary
Appendix 4, test 14). Intra-annual variability of the variables
driving physical resuspension- (ANOSIM, R = 0.805, p = 0.0003;
see Supplementary Appendix 4, test 15) and bioirrigation-driven
DM exchange (ANOSIM, R = 0.4, p = 0.014; see Supplementary
Appendix 4, test 16), which were overlapped with variables
driving PM B/P exchange, was reduced. Diffusion- (ANOSIM,
R = 0.875, p = 0.0002; see Supplementary Appendix 4, test 17)
and advection-driven exchanges were unaffected (ANOSIM,
R = 0.739, p = 0.0001; see Supplementary Appendix 4, test 18).
Drivers of DM exchange were expected to affect more aspects
of PM deposition than PM resuspension. This is because they
affect only the biological factors playing into each of them, and
while particle deposition is driven almost equally by biological
and physical factors, resuspension is more heavily driven by
physical factors. Hence, the analysis of secondary intra-annual
patterns in the form of only those drivers affected by solute
exchange revealed that while both main drivers still displayed
intra-annual temporal patterns, differences between individual
periods were not significant in in PM resuspension (ANOSIM,
R = 0.4, p = 0.009; see Supplementary Appendix 4, test 19) but
highly so in PM deposition (ANOSIM, R = 0.887, p = 0.0001;
see Supplementary Appendix 4, test 20). This shows that while
DM exchange plays a role in the intra-annual variation of PM
deposition, it does not affect resuspension that much.
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FIGURE 7 | Direction of net PM B/P exchange throughout the five periods; periods are marked through light grey vertical dotted lines; notable peaks are labelled A,
B, and C.

DISCUSSION

The results presented in this study represent one of the most
detailed diverse arrays of physical, chemical, meteorological and
biological data that have been combined to identify and quantify
the various processes that drive intra-annual variation in B/P
coupling. This allowed us to determine the interactions and
trade-offs that underpinned the net fluxes of PM and DM in
temperate coastal ecosystems.

The results of this study revealed clear intra-annual periodic
patterns in both DM and PM B/P exchange drivers and processes,
and identified the environmental variables which have the most
influence on these patterns in each instance. In the case of DM
B/P exchanges, three peak periods of exchange were identified.
Firstly an upward flux in pre-bloom period, driven by high
levels of diffusive flux due to a concentration gradient between
benthos and pelagic following a period of thorough water column
mixing in the previous period. The supply of nutrients from the
benthos to the water column during this time of year fuels the
formation of the phytoplankton bloom in the following period
(Rees et al., 2009).

The second upward flux, during the bloom period, is
driven by high rates of biological activity in response to
increased temperatures and the beginning of the pelagic
phytoplankton bloom. Gradual nutrient depletion of pelagic
nutrient levels in this period creates a concentration gradient
and perpetuates the continued domination of upward-directed
DM B/P exchanges (Smyth et al., 2010). Thirdly, a downward

flux was detected in autumn. This was found to be influenced
by a combination of biological and physical drivers, including
high rates of biological mixing and bioirrigation, and an elevated
potential for advective flushing due to low sediment densities
in an increasingly hydrodynamic environment. This is likely
connected to the bioirrigation and biological mixing-driven
downward draft of DIN released from particulate organic matter
deposited during the plankton bloom (Kristensen and Hansen,
1995). The high concentrations of DIN detected near the
seafloor throughout the autumn are a sign that the turning
point of this downward peak is reached, when the benthic
remineralization leads to the emergence of DIN from the
sediment into the water column through advective flushing
(Kristensen, 1988).

Particulate matter B/P exchanges on the other hand exhibited
a clearly physically driven upward flux in winter, driven by
the physical resuspension of material from the seafloor and
prevention of SPM settling through the highly hydrodynamic
conditions at this time of year (Jago et al., 1993; Jones et al., 1998;
Dobrynin et al., 2010). This was followed by a biologically driven
downward flux in the bloom period, where particulates produced
in the pelagic phytoplankton bloom were starting to be deposited
on the seafloor. Biogenic vertical transport through zooplankton
feeding and migratory activity is likely to intensify the downward
flux during this time (van Duyl et al., 1992; Packard and Gómez,
2013). The small instance of upward PM flux during the bloom,
between peaks B and C could be attributed to biogenic sources
of resuspension, as physical drivers of B/P exchange were not of
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importance during this time of year. The source of this could
for example be zooplankton activity (Eloire et al., 2010) or the
ejection of benthic particles, larvae or gametes from the benthos
(e.g., Bass and Brafield, 1972). The third notable feature in the
intra-annual PM B/P exchange cycle was another peak period
of downward flux throughout post-bloom and autumn. Though
initially driven purely biologically, by the continued deposition of
pelagic organic matter and influenced by migratory zooplankton
activity, some hydrological influences also played a role in this
period of net deposition. Drastic increases in river and tidal
flow, and hydrodynamic energy in this period, are likely to
cause an influx of PM from fluvial and terrestrial sources, as
well as the mobilization of freshly deposited material, thereby
increasing the potential for PM deposition (Lampitt et al., 1993;
Milliman and Farnsworth, 2013). The downward flux of PM in
the autumn period is likely not limited to exchange processes
directed from pelagic to benthos, but also encapsulates exchanges
within the sediment matrix. By autumn time, the POC deposited
on the sediment surface after the pelagic phytoplankton bloom
has been buried and while what was left at the surface has been
depleted already, deeper layers are still saturated (Middelburg
et al., 1993). In addition to this, sediment density was recorded
to be lowest in winter and autumn periods, while hydrodynamic
energy was highest, which is likely to cause some advective
flushing of POC into the sedimentary pore spaces (see e.g.,
Ehrenhauss and Huettel, 2004).

The intra-annual patterns detected in this study, in the
direction and magnitude of net DM and PM B/P exchange
processes, and in the relative influences of the various drivers
thereof, provide useful information to further our understanding
of biogeochemical cycling and ecosystem functioning. For
example, while seasonal nutrient depletion through pelagic
bloom events and subsequent replenishment from benthic
sources is a well-known phenomenon (e.g., Smyth et al., 2010),
the insight provided in this study into the relative importance of
the various potential drivers of the latter, aids our understanding
of the overall process. Taking into account the periodic variability
of drivers and processes in temperate environments provides
a temporal context for in situ measurements and sampling
campaigns. The timing and duration of the periods may vary
slightly between years, but the characteristics of each should
remain the same, and thus the overall patterns in B/P exchange
drivers and processes hold up throughout any given year.

Previous studies of intra-annual patterns in B/P coupling have
in many cases centered on the biological drivers of exchange
such as phytoplankton bloom events (e.g., Graf, 1992; Tonkin
et al., 2017). This placed the focus on downward fluxes and
the more biologically active half of the year. In turn, studies
that did focus on intra-annual variability in hydrodynamic and
physically driven B/P transport, often broadly neglect biological
contributions, including only pelagic primary production (e.g.,
Jones et al., 1998). There have been attempts to integrate
biological and non-biological drivers of B/P coupling in estuaries
(e.g., Ubertini et al., 2012) or at very shallow sites (e.g., Chipman
et al., 2012) and through modeling (e.g., Lee et al., 2002).
This however, is one of the first studies to take both aspects
into account in a coastal environment, and to consider the

interactions between biological and physical drivers of B/P
exchanges throughout a full intra-annual cycle.

Single variable driver-process relationships, independently
significant as each of them may be, need to be assessed in context
of one another to recognize the true relative importance of each
individual driver at the ecosystem scale. By investigating multiple
drivers simultaneously and in relation to each other, the current
study facilitates the identification of the most important driver-
process relationships in the context of intra-annual variation
in DM and PM B/P fluxes. Our current understanding of B/P
exchange processes is largely based on short-term investigations
of specific B/P coupling pathways, often within a single period or
focused on the more biologically active half of the year (although
there are some exceptions such as Chipman et al., 2012). From
this we know that in winter, wave action and current flow can lead
to resuspension and advective flushing events (Lou et al., 2000;
Tengberg et al., 2003; Kassem et al., 2015), especially during storm
events (Jago et al., 1993; Madsen et al., 1993; Corte et al., 2017).
It is also known that pelagic primary productivity and specifically
the deposition of organic matter from phytoplankton blooms is
a major driver of benthic biological activity (Gooday and Turley,
1990; Zhang et al., 2015). The current study investigates not only
how each of these processes varies throughout a full intra-annual
cycle, but also the interactions between them to evaluate their
relative influence and find the short-term temporal patterns in the
direction and magnitude of net B/P exchanges. From this, annual
net B/P fluxes may also be derived.

In different environments, the relative importance of each of
the drivers may vary but the core mechanics should remain the
same (e.g., animal activity is more heavily driven by temperature
variations in temperate regions and more by food availability
in arctic regions; Brockington and Clarke, 2001). Phenological
patterns differ between locations and must be identified in each
case to allow the appropriate definition of two or more periods
which may occur throughout the year. One good way to identify
such patterns, if resources and local infrastructure allow it, is the
establishment of time series data collections that include multiple
long-term complementary data sets at the same site. Where such
approaches are not feasible, existing time-series collections at
approximately comparable locations may be used as reference by
which to judge the validity of short-term intra-annual patterns
found in one-off data collections. By considering phenological
and meteorological cycles and the state of the environment at
the moment of investigation, field sampling and experimental
designs of future studies can start off more well-informed and
avoid miss-guided conclusions based on for instance differences
in sampling period throughout a study. The result will be a
higher level of comparability and cohesion between studies, and
an ultimately better understanding of B/P exchange.

Indications of flux timing and directions as portrayed in
this study are based on a typical year’s conditions, but there
are multiple drivers which may at any time sway the balance
one way or another. Extreme events such as uncharacteristically
long or plentiful phytoplankton blooms or particularly stormy
years can be enough to swing the balance between upward
and downward fluxes of DM and change the timing of peaks
and times of overlap between DM and PM B/P exchanges
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(Madsen et al., 1993; Zhang et al., 2015; Masselink et al., 2016).
Interactions between dissolved and particulate matter exchange
processes detected in this study are in accordance with existing
literature which documents for example increased PM deposition
through nutrient resuspension-fueled peaks in primary
production (Fanning et al., 1982), triggering and exacerbation
of DM exchange processes through PM resuspension (Tengberg
et al., 2003) and enhanced rates of biological mixing and
bioirrigation potentials driven by the deposition of particulate
organic matter (e.g., Brockington and Clarke, 2001).

CONCLUSION

Dissolved matter and PM B/P exchange processes vary on
a short-term intra-annual temporal scale in both magnitude
and dominant direction of exchange. Biological, physical and
biogeochemical factors drive the temporal variation and while
biological variables were overall more dominant in the warmer
months and physical drivers dominated in the colder months,
there were significant periods of overlap during which several
drivers affected the exchange processes interactively. These
relationships between individual environmental variables and
B/P exchange drivers and processes, identified in this study,
further our understanding of B/P connectivity by providing a
temporal ecological context. Future studies of biogeochemical
cycles, or other ecosystem processes, will be able to utilize this
contextualization, to better understand short-term intra-annual
ecosystem variability.
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