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Preface

Preface

Many aquatic ecosystems in the developed countries, including coastal systems, have gone
through a phase of high inorganic nutrient levels, characterized by high primary production,
strong heterotrophy and in many cases severe hypoxia. Many of these systems now experi-
ence a phase of decreasing inorganic nutrient concentrations because of nutrient reduction
measures. However, primary productivity has not always decreased as expected. This is of-
ten attributed to internal loading of the systems combined with efficient nutrient recycling.
Whereas some primary producers depend solely on dissolved inorganic nitrogen (DIN) forms,
others are able to utilize dissolved organic nitrogenous (DON) compounds such as urea or
amino acids. This ability to use various nitrogenous compounds is species and in some cases
even stage dependent, giving these primary producers a competitive advantage under DIN
depleted conditions over those restricted to DIN utilization. Changes in nitrogen substrate
composition can thus cause changes in the composition of the primary producer community,
changing seasonal succession or shifting dominance of the phytoplankton community over
several years. Often opportunistic species, such as dinophytes and cyanobacteria, benefit
most from inorganic nutrient reductions since they are often capable of utilizing organic
substances without prior remineralization. However, because these species are less juicy for
some heterotrophs, shifts in the higher trophic levels can occur as well. Moreover, some
species produce toxins, cause shading, and hypoxia after the bloom collapses because of
their large biomass, or cause large mortality among grazers that are not physically able to
cope with for instance spines or the large volume of colonies. They can be harmful, not only
to their direct environment, but often also from an economic point-of-view. En masse toxin
production can either kill fish and shellfish populations, or accumulate in species that are
harvested for consumption. Drinking water and recreational waters may be affected as well.

In many coastal ecosystems dissolved organic nitrogen (DON) is the largest pool of fixed
nitrogen directly or indirectly available to bacteria and primary producers. Because of its
large share in total dissolved nitrogen, even under inorganic nitrogen replete conditions, it
used to be considered largely refractory, and was most often addressed concurrently with
dissolved organic carbon (DOC). However, the scientific community has come to realize that
these two components of the dissolved organic matter (DOM) pool function independently
to a certain extent. DON is preferentially recycled relative to DOC in many systems, which
is considered the way of natural systems bypass nitrogen limitation. Now, DON is often
considered an intermediate in the recycling process of particulate organic nitrogen (PON) to
dissolved inorganic nitrogen (DIN), available to primary producers and other osmotrophs.

Although quite some studies exist that illustrate the uptake potential of primary pro-
ducers for small organics such as urea and free amino acids, our understanding of the fluxes
in and out of the bulk DON pool is still very limited. It is for the majority of the better
known ecosystems not even established if DON exhibits seasonality, and for those that have
been investigated, why it does so in some systems and not in others. This thesis tries to fill
in part of the gaps in our knowledge:
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Preface

Chapter 1: In this chapter some basic definitions and notions are introduced concerning
dissolved organic nitrogen and the approaches adopted.

Chapter 2 and 3: Time series analysis (TSA) presents a powerful tool to help us under-
stand how ecosystems develop over time. It can help us to identify the characteristic scale
at which ecosystem processes work, how particular parameters change over time, and how
relationships between ecosystem parameters change over time. One of the more recent TSA
techniques is wavelet-based analysis, which – as opposed to time-domain and frequency-
domain analysis – retains both the temporal and scale aspect of a time series. Chapter 2
first gives a general introduction to discrete wavelet analysis with exemplary applications
to monitoring data from one NO−3 and DON time series. In chapter 3 these wavelet-based
methods are applied to DON time series from the Dutch section of the North Sea (Rĳkswa-
terstaat, 2009).

Chapter 4: Although organic nitrogen uptake is well established for terrestrial vascular
plants, it has only very recently been illustrated for marine macrophytes in a natural en-
vironment. Uptake of DON compounds by bacteria, phytoplankton, and macroalgae has
been reported throughout the last decades. In chapter 4 the potential uptake of several
nitrogenous compounds by two temperate seagrasses and a macroalga are reported. Both
root-mediated and leaf-mediated uptake of inorganic nitrogen, urea, and amino acids of vary-
ing molecular complexity are investigated. In addition, two artificial complex substrates,
one derived from an axenic diatom culture and one from soil bacteria were tested for their
utility as nitrogen source for marine macrophytes. The dual isotopic labeling (13C and 15N)
allowed us to assess the fate of the carbon as well as the nitrogen.

Chapter 5: Seagrasses are usually assumed to take up only inorganic nitrogen, which is
scarce in most seagrass meadows. A vast body of literature exists on strategies and adapta-
tions of seagrasses to retain their valuable nitrogen. DON, however, often falls outside the
scope of these studies or is considered a black-box from which regenerated nitrogen is drawn
through heterotrophic breakdown. In chapter 5 the uptake of dissolved inorganic and or-
ganic nitrogen compounds by several macrophyte species, epiphytes, and phytoplankton are
quantified in a temperate seagrass dominated ecosystem. Dual labeling (13C and 15N) again
allows to follow the carbon and nitrogen from the dissolved organics separately. Biomarkers
(PLFA: phospholid-derived fatty acids), and D-alanine (an amino acid specific for bacteria)
allow for the assessment of bacterial contributions to the planktonic component of nitrogen
uptake.
Chapter 6: Rooting marine macrophytes, such as seagrasses, take up most nitrogen via
their root system. This gives them an advantage in nutrient acquisition relative to phy-
toplankton van free floating macroalgae. Dissolution of detritus, that enters the benthic
environment, releases DON in the porewater, which is either used for biological activity or
bound to the sediment. In some ecosystems nitrogen retention and remineralization are
promoted by the seagrasses, most likely by stimulating bacterial hetetrotrophy via root ex-
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udation of organic carbon. The complex composition of the benthic DON pool implies a
spectrum of reactivities which could affect its retention in the sediment. In addition, a
whole suite of benthic primary producers (seagrasses, macroalgae, microphytobenthos) and
bacteria co-occur in sediments, with a wide variety of uptake capabilities. The question
then arises how the sedimentary nitrogen is divided over different potential consumers. In
chapter 6 the retention of inorganic and organic nitrogen compounds in different benthic
biota (seagrasses, macroalgae, bacteria) is investigated over a period of 24 hours. Couplings
between carbon and nitrogen uptake are studied by dual-labeling (13C and 15N). Biomark-
ers (D-alanine and phospholipid-derived fatty acids; PLFA) allow for a distinction between
bacterial and microphytobenthic uptake and between different algal groups.
Chapter 7: An overview is given of the most important findings and their ecological
and scientific implications. Potential future directions for DON research and long-term
monitoring are discussed.
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1. General introduction

1. General introduction

1.1 Dissolved organic nitrogen?

Dissolved organic matter (DOM) is defined as a complex bulk pool of organic (biotically
produced, carbon-containing) molecules that pass through a filter of nominal pore size 0.2 - 1
µm (Hedges, 2002). It is generally characterized in terms of carbon (DOC), nitrogen (DON)
and/or phosphorus (DOP). Although DOM was for a long time considered largely unreac-
tive, it has become increasingly apparent that the individual subpools (DOC/DON/DOP)
function largely independently within many ecosystems. Here we will focus on the DON
component, and relate it to the DOC component for which a larger body of literature exists.

DON is analytically determined as the difference of the total dissolved nitrogen (TDN)
measured after conversion to some inorganic nitrogen form (destruction) and the dissolved
inorganic nitrogen (DIN) concentration (Sharp, 2002). This approach has the disadvantage
that measurement errors (ε) accumulate in the final calculation of DON (Bronk, 2002).

DON = (TDN ± εTDN )−
(

(NH+
4 ± εNH+

4

) + (NO−2 ± εNO−
2

) + (NO−3 ± εNO−
3

)
)

Different destruction methods exist of which none is really superior (Sharp et al., 2002).
Coefficients of variation in an interlaboratory comparison ranged between 19 and 46% with
lower concentrations (deep ocean) at the higher end of this range (Bronk, 2002), indicating
that the uncertainty increases for lower concentrations.

1.1.1 Spatial variability

DON concentrations increase in different aquatic systems in the order deep ocean < surface
ocean < coasts < estuaries < rivers (Tab. 1.1). DON concentrations increase drastically
in the coastal systems, as reflected by the relatively large difference from the continental
margin to the rivers (Tab. 1.1). This was for the North Sea demonstrated by Brockmann and
Kattner (1997), although De Galan et al. (2004) could not find significant changes related
to salinity for the Belgian continental shelf. However, they did report a steep increase in
the DON/TDN ratio with increasing salinity, implying that DIN concentrations quickly
decreased, whereas DON did not. Somewhere along this gradient of declining DIN levels,
DIN will become scarce and the majority of the bioavailable nitrogen will have to be obtained
from the DON pool (Suratman et al., 2008).

Rivers provide terrestrial organic matter to coastal systems, that is quickly transformed
once it enters the estuary and coastal zone (Hedges et al., 1997; Seitzinger and Sanders,
1997). Important transformation processes occur at this land ocean interface, which is
reflected in the large regional and local variability from the continental shelf to the rivers
(Tab. 1.1). However, the nature of this local variability is poorly understood. In addition,

13



1. General introduction

Table 1.1: Data from (Bronk, 2002)

DON (µmol l−1) DON/TDN (%) C/N
deep ocean 4.3 ± 2.1 9.9 ± 2.6 14.7 ± 7.8
surface ocean 5.8 ± 2.0 61.6 ± 32.9 13.6 ± 2.8
continental shelf 9.9 ± 8.1 65.3 ± 30.4 17.7 ± 4.3
estuaries 22.5 ± 17.3 68.9 ± 22.4 21.1 ± 14.3
rivers 34.7 ± 20.7 60.1 ± 23.5 25.7 ± 12.5

the temporal variability is largely unknown. Some attempts to describe seasonality have
been undertaken, but put together, they present no consistent picture of DON dynamics
on the continental shelf as a whole or the coastal systems in particular (see e.g. Williams,
1995; De Galan et al., 2004; Suratman et al., 2008). The only long-term study with rigorous
sampling at sufficiently high frequency over several years that we know of, demonstrated
a consistent seasonal signal in the English Channel (Butler et al., 1979). This means that
even simple descriptive studies can still provide valuable information on this poorly studied
dissolved nitrogen pool.

1.1.2 Composition and reactivity

A part of the difficulty in research of DON (or DOM for that matter) is that it contains a wide
variety of compounds. Only 4 - 14 % of total DON pool has been chemically characterized
(Benner, 2002). The best studied constituents are urea, dissolved free amino acids, dissolved
combined amino acids and humic substances. Bronk (2002) reported urea contributions to
the total DON concentration of 5.2 ± 3.4 % (mean ± sd), based on data from different
studies on different systems. Increasing contributions occurred with increasing terrestrial
influence. Dissolved free amino acids (DFAA) contribute 5.9 ± 4.6 % to DON in marine
systems. Particularly D enantiomers persist over longer times, and present potential markers
for bacterial activity (Veuger et al., 2005, 2007). Dissolved combined amino acids (DCAA),
dissolved amino acids after hydrolysis with a strong acid, comprised on average 7.2 ± 4.3
% of the DON. Of this pool 1 - 10 % is pure protein, that is rapidly assimilated, whereas
5 - 66 % is glucosylated protein and resists bacterial degradation to a certain extent (Keil
and Kirchman, 1994). Up to 50 % of the DCAA is not proteinaceous in nature and resists
break down over prolonged periods (Bronk, 2002). Humic (10-20 % of DOM) and fulvic
substances (more than 50 % of DOM) form a class of relatively refractory organic compounds
(mainly organic acids). A part of the nitrogen herein is bound as amino acids, nucleic acids,
ammonium or amino sugars, and could be bioavailable (See et al., 2006). The remainder
of the humic nitrogen is integral part of the compounds and is presumed biounavailable.
Nucleic acids (DNA and RNA and parts thereof) are less studied in the context of DON
dynamics but concentrations in the range of 4 - 960 µg l−1 have been reported for estuaries
(Antia et al., 1991). It is clear that with this high variety of compounds comes a high variety
of reactivities, which is not apparent when one value for turnover times, uptake, etc. for
bulk DOM is used.

14



1.1. Dissolved organic nitrogen?

One tries to mitigate this problem by separating DON fractions based on physical and
chemical characteristics. Filtration using a membrane with a 1000 Dalton cutoff results
in a low-molecular-weight DON pool (LMW-DON) and a high-molecular-weight DON pool
(HMW-DON) (Benner, 2002). The contributions of functional groups (esters, carboxyl-
groups, amide-bounds, etc.) differs between the size-class (Benner, 2002), resulting in differ-
ent reactivities. For instance, HMW-DON in open ocean has a turnover time of 0.5 to 1 year,
whereas LMW-DON was found to be largely recalcitrant (Benner et al., 1997). Kerner and
Spitzy (2001), however, observed an initial preferential degradation of LMW-DON relative
to HMW-DON in the Elbe estuary, followed by a breakdown of HMW-DON until this latter
had vanished, while some recalcitrant LMW-DON remained. This shows that bioavailability
and reactivity are intrinsically connected with a time scale (duration). DON fractions are
also separable by their optical properties. Optically distinct DON fractions exhibit a specific
susceptibility for different types of degradation (Stedmon and Markager, 2005).

The composition and reactivity of the DON pool depend on the source (McCallister
et al., 2006). DON of different rivers is chemically distinct (Retamal et al., 2007). This
is reflected in the susceptibility for bacterial breakdown (Seitzinger et al., 2002). But even
within a river system the DON reactivity varies during peak flow events and over the season
(Stepanauskas et al., 2000; Wiegner et al., 2009). DON derived from specific biota has
a specific reactivity. McCarthy et al. (1998, 2004) suggested that cyanobacteria rapidly
remove new nitrogen from the bioavailable pool and store it in a refractory pool in the deep
ocean. DON reactivity covaried in a study by McCallister et al. (2006) with the presence of
microalgal material (estimated from poly-unsatured fatty acids).

Bulk DON concentration measurements present without doubt a first step towards un-
derstanding the dynamics of this pool, but do not allow to fully comprehend the mechanisms
that govern this turnover. More in-depth analyses are possible using stable isotope analysis
where the cycling of specific compounds or fractions can be traced through different stages
of the ecosystem’s nitrogen cycle.

1.1.3 Sources, sinks, and DON transformations in coastal systems

DON is most often the dominant reservoir of total dissolved nitrogen in ocean surface water
(Bronk, 2002; Tab. 1.1). On a conceptual level it functions as an intermediate between
dead particulate organic matter (detritus) and living particulate organic matter. Except
for particle-associated bacteria and diazotrophs, nitrogen is only accessible in a dissolved,
fixed form, and DON production thus presents a first and essential step in the re-cycling of
nitrogen after immobilization in POM.

DON sources

There are several ways in which nitrogen enters the dissolved organic pool in marine sys-
tems. Firstly, DON production occurs through dissolution of phytodetritus (Carlson, 2002).
Phytoplankton and seagrass detritus can contribute considerable amounts of bioavailable
organic nitrogen for regenerated production in coastal systems (Mayer et al., 2009; Vonk
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1. General introduction

and Stapel, 2008). Dissolution is enhanced by solar irradiation. About 5 - 15 % of the
phytoplankton-derived POM can undergo photodissolution before settling (Mayer et al.,
2009). But also after settling significant amounts of DOM can become bioavailable again to
the water column during resuspension events (Kieber et al., 2006).

Secondly, production of DOM from microbial biomass occurs through bacteria-induced
and viral lysis of unicellular organisms (Carlson, 2002). Bacteria-induced lysis has received
little attention so far, and estimates on the impact do not exist to the best of our knowledge.
Virus-induced losses of DOM account for 3 % of the global primary production (Suttle, 2005).
Bacterial and viral lysis can result in significant changes to the DON pool composition and
reactivity (Gobler et al., 1997; Carlson, 2002; Frazier et al., 2007). The strength of the
viral shunt (re-consumption of the DOM after lysis) determines the equilibrium between
the bacterial growth efficiency and bacterial respiration, and hence DOM cycling pathways
(Motegi et al., 2009). Obviously both bacteria and phytoplankton are prone to lysis.

Thirdly, living primary producers are a substantial source of DON to the marine environ-
ment (Bronk and Ward, 2000). Phytoplankton and cyanobacteria lose between 10 and 35 %
of their gross DIN uptake as DON in the surface ocean (Bronk, 1999; Bronk and Ward, 2005).
Differences in DON release rates are function of nutritional state (Bronk, 1999), day-night
rhythm (Collos et al., 1992), location in the euphotic zone (Bode et al., 2004), substrate
type (Bronk and Ward, 2005), and growth stage (Flynn and Berry, 1999), but relationships
are often not consistent over different studies (Carlson, 2002). Whether the DON is actively
excreted of passively lost, is usually not clear. Active DOC exudation is often invoked as
explanation for carbon-rich DOM production in nitrogen-limited environments, because the
photosystem keeps on functioning when nutrients for biomass production are not available
(Carlson, 2002; Van den Meersche et al., 2004). But this does not explain DON exudation in
nutrient-limited environments (Bronk, 2002). Collos et al. (1992) reported on DON release
from diatom cells and subsequent uptake of the DON by dividing cells of the same species
during the night, which could provide a competitive advantage over co-occurring primary
producers that would not be able to take up these compounds. This does suggest an active
excretion. Passive loss of DON from intact primary producers is probably due to osmotic
gradients that are sustained by bacteria (Bjornsen, 1988). DOM exudation also occurs
through root systems of seagrasses, thus fueling heterotrophic metabolism in the sediment
(Benner et al., 1986; Findlay et al., 1986).

Finally, zooplankton presents another source of DON to the environment. They excrete 1
- 6 % of their body N per day under the form of ammonium, urea and amino acids (Carlson,
2002 and references herein). In addition, fecal pellets provide dissolved organic nitrogen over
prolonged periods (Urban-Rich, 1999). Macrozooplankton misses out on 27% of its ingested
organic matter as by sloppy feeding (Copping and Lorenzen, 1980). Microzooplankton loses
less through sloppy feeding due to complete cell ingestion (Bronk, 2002). Obviously other
fauna can excrete significant amounts of DON as well (30 % of total excreted nitrogen in
Mytilus edulis; Tupas and Koike, 1990).

DON also enters marine systems through physical transport. Coastal systems are charac-
terized by significant terrestrial DON inputs. Riverine DON is first used in the estuary or in
the adjacent coastal zone, depending on the water residence time of the estuary (Seitzinger
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and Sanders, 1997). Upon entering into marine waters the bioavailability of DON to bac-
teria sometimes increases (Stepanauskas et al., 1999). The reactivity of riverine DON is so
high that the terrestrial signature almost vanishes before it has crossed the continental shelf
(Hedges et al., 1997).

Another source of terrestrial DON is groundwater discharge. Santos et al. (2008) cal-
culated that the amount of nitrogen that enters the Florida Gulf coast through submarine
groundwater discharge could be similar to the discharge of its major rivers. They esti-
mated the ammonium and DON loads from a small subterranean estuary at 58 and 28 %
respectively, where the ammonium would be regenerated from DON. (Lorite-Herrera et al.,
2009) found high variability in groundwater DON concentrations in a catchment of the
Guadalquivir (Spain).

Atmospheric deposition under the form of rain (wet deposition), dust (dry deposition)
and bacteria presents another source of nitrogen. Organic nitrogen would constitute 30% of
the total atmospheric nitrogen deposition on average (Neff et al., 2002; Duce et al., 2008).
This atmospheric organic nitrogen was for 45 - 75 % utilized by an estuarine microbial
community in an experiment by Seitzinger and Sanders (1999).

In shallow systems DON can be released from the sediment to the overlying water after
burial of POM. However, DON fluxes vary both in direction (in or out of the sediment) and
magnitude, and are generally low compared to DIN fluxes (Burdige, 2002). The low C/N
ratio of these fluxes suggests that part of it might be bioavailable (Burdige and Zheng, 1998).
DON effluxes from the sediment are significantly altered at the sediment-water interface
when macro- and microalgal mats are present (Eyre and Ferguson, 2002; Tyler et al., 2001).

DON sinks

Microbes are the dominant DON users in marine systems (Azam and Hodson, 1977; Carl-
son, 2002). Small organic (LMW-DON) and inorganic compounds are taken up through
permeases, whereas larger compounds (HMW-DON) have to be broken down before uptake
by extracellular hydrolytic enzymes (Antia et al., 1991; Bronk, 2002; Carlson, 2002, and
references therein). Ammonium regeneration can be high, particularly during periods of
inorganic nitrogen depletion, and at times it is vital for N demand in coastal systems (Bode
and Dortch, 1996). Kerner and Spitzy (2001) measured DON remineralization rates of up to
79 µg N l−1 h−1 in the Elbe estuary. Badr et al. (2008) found similar rates for two English
estuaries.

A large number of phytoplankton species use DON compounds (particularly amino acids
and urea) to fulfill their nitrogen requirements (Bronk et al., 2007). Diatoms are often facul-
tatively heterotrophic. Price and Harrison (1988) observed autonomous utilization (without
bacterial intervention) of urea nitrogen by Thalassiosira pseudonana. They observed a quick
ammonium uptake after it was released from the cells following intracellular urea breakdown.
The urease enzyme to split urea into NH+

4 and CO2 is common in many primary producers
and bacteria (see e.g. Glibert et al., 2006). An experiment by Collos et al. (1992) demon-
strated the release of DON compounds by diatom cells in the light and an uptake thereof
by dividing cells in the subsequent dark period. Still, diatoms are often associated with the
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uptake of oxidized forms of nitrogen (Berg et al., 2003). Harmful algae are often associated
with DON uptake (Anderson et al., 2002). Mulholland et al. (2004) observed nitrogen uptake
from both urea and free amino acids by Aureococcus anophagefferens. Amino acid oxidation
with production of ammonium appears frequent among phytoplankton species (Palenik and
Morel, 1991). In addition, many phytoplankton species are able to hydrolyze peptides by
themselves (Mulholland et al., 2002; Stoecker and Gustafson, 2003).

Beside phytoplankton, macroalgae and seagrasses can also take up DON (Tyler et al.,
2001, 2005; Brun et al., 2003; Vonk et al., 2008). Although in some of those studies direct
uptake by these end-users has not been demonstrated, they clearly illustrate a quick supply
of organic matter derived nutrients to primary producers. Bacterial degradation of DON
with subsequent uptake of inorganic nitrogen by phytoplankton is likely the largest flux of
nitrogen out of the DON pool and into the plant compartment. Some marine fauna also
use DON to supplement their nitrogen demand (Otake et al., 1993; Baines et al., 2005), but
their contributions to DON uptake are more than likely small.

Different species have different preferences and capabilities to utilize DON. For exam-
ple, Ulva lactuca takes up amino acid nitrogen after decarboxylation (Tyler et al., 2005).
But the glycine residual after decarboxylation was taken up completely, whereas for alanine
ammonium was taken up after deamination of the decarboxylated residual. Gracilaria ver-

miculophylla, however, appears to take up only the nitrogen from the amino acid molecules
(Tyler et al., 2005). For a particular species uptake characteristics even differ with circum-
stances; Mulholland et al. (2004) reported differences in the choice of substrate (amino acids
or urea) by Aureococcus anophagefferens between two similar coastal bays. Differences in
the capacity to take up particular substrates imply differences in competitiveness, which
can be responsible for species succession throughout a growth season (Berg et al., 2003),
but also a permanent replacement of a particular species by a more competitive one under
changing nutrient conditions (i.e. community shifts). In this sense, DON contributes to the
complex interplay between nutrient ratios and community composition, which stresses the
importance to understand DON dynamics.

Beside these metabolic fluxes, abiotic removal processes contribute to DON decreases.
Adsorption onto sinking particles consumes DON either temporarily in stratified waters or
permanently when particles are buried (Cauwet, 2002). Horizontal transport of water masses
from the continental shelf to the open ocean presents a potentially large sink for the coastal
and continental shelf DON (Bates and Hansell, 1999; Alvarez-Salgado et al., 2001).

1.1.4 DON versus DOC

Much of the research on dissolved organic matter has focussed on the DOC compartment
due to methodological issues and because it was assumed that DON, like DOC, is largely
unreactive and unimportant as nutrient for phytoplankton (Bronk et al., 2007). Indeed, since
both carbon and nitrogen are part of a DOM pool, their cycling is partially intertwined.
However, the N and C are unequally distributed within the bulk DOM pool. The C/N
ratio of DOM differs with size-class; Biddanda and Benner (1997) observed a HMW-DOM
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C/N ratio of 21, whereas the LMW-DOM showed a C/N ratio of 6. In addition, DON
dynamics is different from DOC dynamics. Preferential recycling of DON relative to DOC
has been observed in nutrient-poor systems such as seagrass systems (Ziegler et al., 2004)
and the open ocean (Thomas et al., 1999; Osterroht and Thomas, 2000), but appears to be
absent or diminished when DIN input is sufficient to support primary production (Aminot
and Kerouel, 2004). By preferentially recycling DON, nitrogen limitation is avoided or
alleviated (Thomas et al., 1999).

Bode et al. (2004) reported seasonal differences in nitrogen recycling mechanism. They
also observed a spatial separation between DOC and DON release with a preferential DON
release at the bottom of the euphotic zone. Artificial bloom experiments and in situ obser-
vations often reveal a production of carbon-rich DOM (Williams, 1995; Sondergaard et al.,
2000; Engel et al., 2002). Engel et al. (2002) and Van den Meersche et al. (2004) reported
a decoupling of DOC and DON production from the moment nitrogen was depleted. How-
ever, carbon partitioning into DOC occurred during and after a bloom in an experiment
by Sondergaard et al. (2000), independent of the nutritional state or growth phase of the
phytoplankton.

Focusing on individual organic compounds, the fate of the carbon and nitrogen can be
coupled or uncoupled. Aureococcus anophagefferens used amino acid carbon but not urea
carbon in two U.S. coastal bays. A similar decoupling between urea carbon and nitrogen
uptake was observed by Veuger and Middelburg (2007) in an intertidal benthic commu-
nity, where diatoms were the dominant N consumers. These authors also noted a partial
decoupling between carbon and nitrogen uptake from amino acids, suggesting that deami-
nation was involved but that it was not the only pathway of nitrogen utilization from amino
acids. Thalassiosira pseudonana carbon and nitrogen acquisition from urea were uncoupled
under nitrogen sufficient conditions, but they were coupled in nitrogen-starved axenic cul-
tures (Price and Harrison, 1988). Utilization of carbon and nitrogen from small organic
nitrogenous compounds can vary throughout the growth season (Andersson et al., 2006).

Tracing both DON and DOC (in the same and in different molecules) allows us to
distinguish autotrophy, heterotrophy, and mixotrophy. Dual-labeled substances provide the
means to investigate carbon-nitrogen couplings on the level of individual compounds.

1.2 Tools used in this research

Ecosystems are highly dynamic. Different processes operate at the same time, creating a
net effect in an observable ecosystem variable. The notion of a process implies a certain
time dependence that has to be described to understand its variation structure. Statistical
analyses, however, often assume independence of observations, which is, depending on the
scale of the experiment or measurements, either a valid or an incorrect assumption (Shumway
and Stoffer, 2006). Time-series analysis encompasses a whole variety of statistical and filter
techniques to deal with temporal dependence in data. In addition, influential factors often
work with unequal and varying strength, and not all factors persist over the same time span.
We are thus compelled to use statistical methods that take into account the limited duration
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of these influencing processes. Wavelet transformations describe a data series in terms of
sequence and sequence range. For a time series of data, for example, this is translated into
time and time scale, for a depth profile this is translated into depth and depth range.

From a conceptual point of view, ecosystems comprise a number of reservoirs that interact
with one another through fluxes of energy and matter, and influences on these fluxes. In this
complex network of pathways (sequences of one or more fluxes) transfer of matter from one
reservoir to another often occurs along different pathways. Isotope-based analysis present a
way to quantify the transfer, and in some cases to distinguish among pathways. In addition,
particular reservoirs are characterized by specific types of molecules, that can function as
biomarkers (see below).

In the following subsections a basic overview will be given of time series analysis tech-
niques with special emphasis on their application in ecological research. Special attention
is given to the field of wavelet analysis, since it provides a natural way of dealing with scale
aspects and the limited range of processes in ecology. Next, we will briefly elaborate on the
application of stable isotopes and biomarkers in ecological research.

1.2.1 Time series analysis

In general, time series are regarded as either a series of points that reflect a certain progress
over time, or a signal consisting of a number of subsignals with varying frequencies. The
former view involves a description in a time-domain, the latter a description in a frequency-
domain. In this section a short overview will be given of the fields of time-domain and
frequency-domain approaches to analyze time series. It is intended as background infor-
mation for readers that have never worked with time series analysis techniques, since some
basic knowledge on this topic is required for chapter 2.

The time domain

Some estimators in the time domain A discrete time series is often looked upon as
sequence of stochastic variables which are ordered according to time (Shumway and Stoffer,
2006). Each random variable has a distribution, and the values that make up the time
series were drawn from these distributions. Such a series of random variables is also called a
stochastic process. The actual series of values is then called a realization of this stochastic
process (Shumway and Stoffer, 2006).

Two important measures are often used to describe or identify a process: the mean
function (or the first moment in statistical terms) that describes its average behavior over
time, and the autocovariance function (also termed the second moment) that describes the
interdependence of observations. The mean function of a process Xt is

µxt = E(Xt) =

∫

∞

−∞

xft(x)dx, (1.1)

with E the expectation operator (Shumway and Stoffer, 2006), and ft(x) the density function
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of the variable x. The autocovariance function of a process is given by

γx(s, t) = E [(xs − µs)(xt − µt)]), (1.2)

Analogous to the covariance in classical inference, it measures linear relationships (Shumway
and Stoffer, 2006). The subscripts s and t denote different time points. If s = t, one obtains
the variance. Similar to classical inference, where the correlation is defined as the covariance
normalized to the variances of the relevant stochastic variables, we define a correlation
function as

ρx(s, t) = γx(s, t)/
√

γx(t, t)γx(s, s). (1.3)

In principle, these measures can be made at any time point. However, most often only
one observation exists per time point. In this case, the mean and covariance (correlation)
needs to be calculated based on the entire series. In order to make sense, these measures
should thus not change over time, which is termed ‘stationarity’. Put more accurately:

A discrete time series Xt (with discrete time steps) is strictly stationary if the joint distri-
bution of Xt1, ..., Xti is the same as the joint distribution of Xt1 + τ , ..., Xti+ τ for all time
points ti and time lags τ .

In strict stationarity all moments of the distribution are subject to the constancy. By restrict-
ing this constancy to the first two moments (mean and autocovariance), strict stationarity is
reduced to a more practical form, called weak stationarity. Just as with stochastic variables
in regression models, time series are often assumed to be normally distributed (time series
are either considered series of stochastic variables or realizations of a stochastic process). If
such normal processes are weakly stationary, they are also strictly stationary, since a multi-
variate normal distribution is completely defined by its first (mean) and second (covariance)
moments.

Stationarity implies that equations 1.1, 1.2, and 1.3 are independent of time. The auto-
covariance and autocorrelation are then only dependent on the distance between the time
points s and t (time lag; τ = t - s).

In analogy with the univariate measures autocorrelation and autocovariance, bivariate
counterparts exist to detect the linear relationship between two time series as a function of
time lags The cross-covariance function between two series is defined as:

γx,y(s, t) = E [(xs − µxs)(yt− µyt)] , (1.4)

with E the expectation operator. The cross-correlation function between a series Xt and Yt
is given by:

ρx,y(s, t) =
γx,y(s, t)

√

γx(s, s)γy(t, t)
. (1.5)

Time domain models Time domain models are mainly based on the principle of regres-
sion and averaging over time. Multiple regression of a time series onto lagged version of
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this time series is called autoregression. A process that is modeled this way is called an
autoregressive process (AR). Provided that the coefficients are smaller than 1 in absolute
value, such a process is stationary (Chatfield, 2004). A second type of model is constructed
by averaging a random series over a range of successive time points using a set of weights.
This is called a moving average model (MA). Provided that these weights are in absolute
value smaller than 1, we can find an autoregressive model that describes the same process
(Chatfield, 2004).

These two classes of models are special cases of a more general autoregressive-moving
average model (ARMA). An ARMA-model of orders p and q, denoted ARMA(p,q), is given
by

Xt = α1Xt−1 + ... + αpXt−p + β1Zt−1 + ... + βqZt−q , (1.6)

where α1 to αp are the autoregression coefficients, β1 to βq are the moving average coeffi-
cients, and Zi are random normal variables with mean = 0 and variance is σ2

Z . Provided that
the aforementioned assumptions are satisfied, the same process can be modeled in terms of
an AR-model a MA-model or an ARMA-model, where the ARMA-model usually has less co-
efficients and hence is the simpler model (Chatfield, 2004). The parameters in these models
are independent of time and thus require stationarity of the modeled time series.

The frequency domain

Frequency domain techniques are based on a Fourier decomposition of a series in terms of
sine and cosine functions. The contribution of different frequencies is given by the spectral
density function (f(ω)) with ω the frequency. This is defined as

f (ω) =
∞
∑

−∞

γ(h)e−2πiωh, (1.7)

with -1/2 < ω < 1/2 and γ(h) the autocovariance function at lag h, provided that the latter
is summable (Shumway and Stoffer, 2006). This spectral density function is estimated by
the periodogram, which for a series, x1, ..., xn, is given by

I(ωj) = |n−1/2
n
∑

t=1

xte
−2πiωj t|2, (1.8)

for j = 1, ..., n-1, where ωj = j/n is called the fundamental frequency. This function allows to
identify frequencies that explain large parts of the variation in a given series xt. Intuitively,
it is clear that here again stationarity is assumed since the dominance of these frequencies
is assumed to occur over the entire time range of the function (sine and cosine functions are
defined on the entire real axis).

The time-frequency domain, wavelets

As indicated before, both the time domain and frequency domain analysis assume a certain
constancy in the characteristics of the series under investigation. Particularly, for biological
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processes this is rarely the case. Wavelet analysis deals with non-stationarity in an elegant
way, because it divides a time series in smaller intervals (scales) and describes the evolution
of these intervals over time. In the context of time series analysis, a wavelet is a âĂŹsmall
waveâĂŹ that is damped down to zero within a limited time range. In this sense it is local-
ized in time, as opposed to the infinitely extending sine and cosine waves in Fourier-based
analyses. In a wavelet transformation, wavelets of different âĂŸsizesâĂŹ or scales are fitted
to the time series and the similarity of the series to this wavelet at a certain point in time is
expressed by a so called wavelet coefficient (Percival and Walden, 2000). Wavelet analysis
is therefore well-suited to deal with sharp spikes, jumps and ’changing behavior’ in time
series, because it describes the series based on local information, not global information as
in ARMA-models and Fourier analysis. In chapter 2, some wavelet theory will be presented
with examples to illustrate the working principles.

1.3 Isotope analysis of biomarkers

A biomarker is a compound that is produced specifically by one group of organisms and
as such identifies this group. They can serve as a proxy for the presence and abundance
of that particular group, because concentrations or variation therein are closely related
to the abundance of members of that group. Pigments are one class of such biomarkers
that allow to quantify biomass of particular groups of bacteria or phytoplankton within
the microbial community (Mackey et al., 1996). Phospholipid-derived fatty acids (PLFA)
comprise another class of biomarkers that can be used to identify algal and bacterial taxa
(Viso and Marty, 1993; Mejanelle et al., 2005), and quantify their biomass (Dĳkman and
Kromkamp, 2006b). Although concentration variations due to environmental conditions and
nutritional state occur (Viso and Marty, 1993; Renaud et al., 2002), there are compounds
that have a stable abundance in particular groups or organisms, rendering them robust
markers for these groups. Dĳkman and Kromkamp (2006a) were able to develop signatures
for a number of phytoplankton taxa occurring in the Schelde estuary. Moreover, using so-
called mixing models (e.g. BCE; den Meersche et al., 2008), it becomes possible to derive the
taxon composition, based on the biomarker composition (’signature’) of an entire sample.
However, these signatures cannot be used to derive rates and fluxes.

Stable isotope tracers have been used since years to quantify nutrient uptake and elu-
cidate foodweb interactions (see for instance Dugdale and Wilkerson, 1986; Fry, 2006). By
tagging a resource, and following the fate of the tag into the sink compartments, important
information like the speed of the process (rate) is obtained. In recent years, approaches
combining biomarkers and deliberate isotope tracers additions have emerged that allow
to make a connection between taxonomic identity, biomass and (ecosystem-)metabolism
(Boschker and Middelburg, 2002; Dĳkman et al., 2009). Boschker et al. (2005) used isotope
labeling with PLFA measurements successfully to detect differences in carbon subsidies to
microalgae and bacteria in the Scheldt estuary. Whereas PLFA measurements alone only
give information on abundance and biomass, the combination of PLFA measurements with
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stable isotope chemistry does allow for a quantification of fluxes and rates (Boschker and
Middelburg, 2002).

Another type of marker that helps to distinguish between bacterial and algal activity is
D-alanine (Veuger et al., 2005, 2007). By combining 13C and 15N tracers with hydrolysable
amino acids, it is not only possible to distinguish between bacterial and algal activity, but
also to trace carbon and nitrogen cycling at the same time.
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Abstract - Long-term monitoring programs and remote sensing techniques have sparked an in-

creasing need for statistical analysis techniques that model dependence in data. In this paper the

potential of wavelet techniques for analyzing nutrient monitoring data in relation to time and scale

(temporal range) are reviewed and investigated. Time series of three environmental variables of dif-

ferential complexity are used to illustrate the application, advantages and disadvantages of wavelet

methods. The wavelet based analysis methods provided extra information on top of that given by

standard time series techniques, such as Fourier analysis. Due to the preservation of both the time

and frequency or scale-related information, we were able to identify a methodological shift in the

dissolved organic nitrogen measurements via its maximal overlap discrete wavelet transform. In

addition, global correlation analyses were extended into the scale- and time-domain, allowing for a

more precise explanation of the relationships between environmental parameters. Around 10 years

of monthly samplings are considered a minimum to investigate within-year patterns of variation

and their consistency over the longer term, a common issue with Fourier approaches. We conclude

that, despite some limitations concerning series length and frequency resolution, wavelet techniques

present a valuable addition to the toolbox of classical time series analyses.
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2.1 Introduction

Due to the inherent complexity of interactions, investigating the dynamics of ecosystem
variables (e.g. concentrations, abundances) at relevant scales typically requires an enor-
mous amount of temporal data. Continued monitoring efforts over the past decades have
provided such long-term time series. This has brought along an increasing need for statis-
tical methods that can handle time series data in a proper and flexible manner. Ecologists
traditionally apply either time-domain (e.g. ARIMA) or frequency-domain methods (e.g.
Fourier analysis) to time series. In ARIMA-type methods the observations at one point
in time are described as a stochastic function of previous values. Fourier-type methods
consider the time series to consist of periodic variations that can be captured by sines and
cosines (Shumway and Stoffer, 2006). However, these statistical tools consider time series
as a whole, and as a result they ignore that processes may only be acting in part of the time
series. The assumption that the characteristics of the data series are invariant in time is
called stationarity (see for instance Chatfield, 2004 for a mathematical treatment). Whereas
time- or frequency-domain analyses can deal with non-stationary time series by splitting up
the data, e.g. via moving data windows of a chosen width, these procedures for partitioning
are rather arbitrary and often lack adaptivity (Vidakovic, 1999).

Wavelet analysis of time series deals with non-stationarity in an elegant way. A wavelet
is a ‘small wave’ that is damped down to zero within a limited range of its time-domain,
making it localized in time. The characteristic time period over which the wavelet persists
or ‘differs from zero ’is termed the scale of the wavelet (see examples in Fig. 2.1). During
a wavelet transformation, wavelets of different scales are compared to the time series by
shifting the wavelets through time. The similarity of the series to this wavelet at successive
time points is expressed by wavelet coefficients. The ability to deal simultaneously with
time and scale dependence suitably circumvents the stationarity assumption (Percival and
Walden, 2000). Wavelet analysis is also well suited when signals exhibit sharp spikes or local
discontinuities, features that are very poorly represented by Fourier analysis.

Wavelet-based methods have been used in areas where long time series have been avail-
able since decades, such as oceanography (Meyers et al., 1993; Mak, 1995; Percival and
Mofjeld, 1997; Percival et al., 2008), geophysics and meteorology (Jevrejeva et al., 2003;
Grinsted et al., 2004; Prokoph and Patterson, 2004; Alves Bolzan and Vieira, 2006; Schaefli
et al., 2007), economics (Ramsey, 2002; Manimaran et al., 2008) and coastal engineering
(Li et al., 2005). Biological wavelet applications include image processing in neuroscientific
applications (Kolaczyk, 1996; Fadili and Bullmore, 2002), and also molecular biology (Lió,
2003). In recent years ecological applications of wavelet-based statistics have emerged be-
cause time series became long enough, and because holistic samplings were conducted, such
as with remote sensors (Nezlin and Li, 2003). Applications in vegetation ecology encompass
the assessment of canopy structure along transects in forests (Bradshaw and Spies, 1992;
Mi et al., 2005) and changes in vegetation cover over time (Percival et al., 2004). Wavelets
have been used to study fish stock fluctuations (Yndestad, 2004), and to find scale-specific
community dynamics in relation to disturbance in wetland ecology (Keitt and Urban, 2005;
Keitt and Fischer, 2006; Keitt, 2008). Braswell and coworkers (2005) also used a wavelet
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decomposition to assess the scalewise performance of an ecological model. For an elaborate
treatment of ecological applications we refer the reader to Cazelles and co-workers (2008),
who mainly focus on the continuous wavelet transform.

There are some issues when using wavelet transformations. For instance, there exist
many wavelet ‘families’, and there are no general and objective guidelines to determine
which particular wavelet is the most appropriate for a certain application (Bruce and Gao,
1996). There are also other choices to be made, i.e. how to deal with boundaries (at the
beginning and end of the time series), and whether to choose continuous or discrete wavelets
or some intermediate form. This contrasts to Fourier analysis, because there is only one
sine function underlying the Fourier transform. In addition, whereas the main output of
spectral analysis can be easily understood, the results of wavelet analyses may not be so
easily interpreted in terms of frequencies or cycles per unit time (Percival and Walden, 2000).
Nevertheless, wavelet techniques present powerful approaches to explore large amounts of
serially dependent data.

The Dutch national coastal monitoring program started in 1971. Between 1995 and 2004
17 stations were consistently sampled in the Dutch section of the North Sea. At monthly
intervals, up to 18 different nutrient related variables were measured (Rĳkswaterstaat, 2009).
Because of the large amount of data, proper methods are needed to extract the interesting
features of these time series. In this paper, we focus on the nitrogen data, and we test the
usefulness of wavelets to analyze these data series.

This paper is first of all intended as a overview of the relatively simple discrete wavelet-
based methods that are widely applicable in studies of biogeochemical/ecological time series.
It is structured as follows: We start by presenting a general introduction to wavelet tech-
niques, highlighting the relevant differences with the time- and frequency-domain methods,
and describe the data sets that are used to exemplify the theory. We will illustrate the basic
concepts of wavelet analysis with the discrete wavelet transform. For the continuous case
we refer to the literature (Torrence and Compo, 1998; Liu et al., 2007; Maraun et al., 2007).
Subsequently, the results obtained from time-domain, frequency-domain, and wavelet-based
analyses are compared. We focus on the methods, only briefly dealing with ecological in-
terpretations, as an elaborate ecological study of the nitrogen dynamics is given elsewhere
(Van Engeland et al., submitted). We sacrifice some methodological accuracy for the ben-
efit of comprehensibility and accessibility to the non-specialist. The interested reader may
consult the works by Mallat (1999), Daubechies (1992), Bruce and Gao (1996), and Percival
and Walden (2000) for a detailed treatment of the mathematics behind wavelet analysis. In
addition, this paper is intended as a quick guide to more dedicated and advanced literature,
which will be needed to accurately apply these methods with proper consideration of their
strengths and limitations.
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2. Wavelet approaches to analyze biogeochemical time series

2.2 Materials & methods

2.2.1 The discrete wavelet transformation

In a discrete wavelet transformation, a given time series f(t) is written as a weighted sum of
base functions Ψi(t), the wavelets:

f (t) =
∑

i

aiΨi(t) (2.1)

This is similar to a Fourier analysis, where the base functions are sine and cosine functions.
However, in contrast to the trigonometric functions, which persist infinitely, a wavelet is
damped down to zero within a limited time range (the so-called scale of the wavelet). The
base functions in equation 2.1 are constructed from a template wavelet by shifting (translat-
ing) it in time and stretching (dilating) it to a different scale. In a discrete wavelet transform,
the wavelet is shifted within each scale over a distance proportional to its width, while it is
doubled in temporal range in consecutive scales (equation 2.2). For finite time series there is
a natural upper limit on the dilation given by the length of the time series. The maximum
dilation or scaling depth J (= log2(N)) for a series is determined by the length of the series
(N observations). To highlight these points, it is more common to write the sum (1) as

f (t) =
∑

k

sJ ,kΦJ ,k(t) +
∑

j

∑

k

dj,kΨj,k(t)

=
∑

k

sJ ,kΦJ ,k(t) +
∑

j

∑

k

dj,kΨ(
t− 2jk

2j
) (2.2)

with the separate indices j and k denoting the dilation and translation of the original tem-
plate wavelet Ψ(t), also called mother wavelet. The father wavelet Φ(t) is an extra template
wavelet that is needed in the transformation algorithm to split off the coarse scale infor-
mation (Bruce and Gao, 1996) and is complementary to the mother wavelet (Daubechies,
1992). The coefficients dj,k of this sum are called the kth wavelet coefficient at scale j. The
sJ ,k are the scaling coefficients, and together they specify the discrete wavelet transform
(DWT) of the time series. All the wavelet coefficients dj,k for a given j (scaling coefficients
sJ ,k) constitute the wavelet vectors dj (scaling vector sJ ). Due to the doubling of the width
of the template wavelet (equation 2.2), the vector dj will be half the length of its predecessor
dj−1, and sJ will contain at least one coefficient (this is called âĂŸdown-samplingâĂŹ).

Because of this down-sampling the DWT it is statistically less stable in certain respects
(Nason and Silverman, 1995; Percival, 1995; Percival and Walden, 2000). The Maximal
Overlap Discrete Wavelet Transformation (MODWT) is a variation on the DWT-theme
with a âĂŸcontinuousâĂŹ time (as continuous as possible for a discretely sampled series),
and a discrete scale dimension. Thus, within each discrete scale j the wavelet is shifted one
time step instead of 2j time steps (2jk in equation 2.2, i.e. there is no down-sampling). In
contrast to the DWT, where the time series is down-sampled by removing every other value,

28



2.2. Materials & methods

the wavelet itself is doubled in length in consecutive scales in the MODWT. Hence, each
coefficient vector dj (and sJ) is as long as the original signal. The MODWT is statistically
more stable than the DWT but still has a discrete scale dimension (Percival and Walden,
2000).

Figure 2.1 shows a maximal overlap discrete wavelet transform (MODWT) of a Doppler
signal, a function often used to illustrate a wavelet decomposition (see for instance Bruce and
Gao, 1996). It is characterized by a continuously decreasing frequency. The decomposition
depth was fixed at 7. The right side of figure 2.1 shows the translation and dilation of the
mother wavelet. The wavelet vectors d1 to d7 at the various scale levels are different from
zero only within limited time intervals, reflecting that the original signal only resembles
the corresponding scale-specific wavelet during a limited time interval (wavelet coefficients
are roughly interpretable as measures of correlation between the signal and the scale-specific
wavelet; Percival and Walden, 2000). As such, the wavelet transform separates the variability
in the original signal at progressively coarser scales. At the final step, the remainder of the
variation in coarser scales is given by the scaling vector s7.

S
c
a
le

Figure 2.1: Maximal Overlap Discrete Wavelet Transforma-
tion (MODWT) of a Doppler signal. The decomposition depth
was fixed at 7. The constructed scale-specific wavelet filters,
based on the least asymmetric wavelet of width 8 (Daubechies,
1992) are shown on the right hand side. Note the difference
between the wavelet at d7, constructed from the mother tem-
plate wavelet, and the wavelet at s7, constructed from the
father template wavelet.

The notion of ‘scale’ is perhaps the most important concept in wavelet analysis, as it
distinguishes wavelet analysis from both Fourier and traditional time domain analysis. The
scale is most closely related to the period of a periodic function, the time window that
captures the variation in the signal. Because wavelets have a limited temporal range, they
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2. Wavelet approaches to analyze biogeochemical time series

have a range of neighboring frequencies in the frequency domain. This range is referred
to as scale band, and is defined by the bandpass properties of the wavelet (Percival and
Walden, 2000). Figure 2.2 expresses the power (squared gain, i.e. a measure for the amount
of variance with a particular frequency) of the wavelet filters used in figure 2.1. At scale 1
the wavelet filter captures variation with frequencies in the band [1

4 ,1
2 ] (periodicities covering

2 to 4 observations), represented by the wavelet vector d1 (Fig. 2.1). At scale 2 the wavelet
filter captures variation at frequencies between 1

8 and 1
4 , which results in the d2 vector and

so on. The filters have a particular optimum frequency (maximum values in figure 2.2). At
the deepest level of the transform the scaling filter puts all variation at the remaining larger
scales (frequency band [0, 1

2j+1 ]) into the scaling vector sJ . The scale windows in figure 2.2
are determined by the construction of the wavelet transform, the curvature of the wavelet
gain functions is a property of the chosen wavelet.
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Figure 2.2: Three examples of discrete wavelets of different
widths (a.). Squared gain functions of the normalized wavelet
filters at scales 1 to 4 and the scaling filter at scale 4 (b.).
Scales are expressed in number of observations. The nominal
pass-bands (scale window) are indicated by the gray and white
regions. The actual pass-bands are, indicated by the curves
themselves. For an ideal band-pass filter the actual pass-band
would be square and follow the edges of the nominal pass-
band.

There exist many different families and shapes of wavelets. The choice for one or another
wavelet will lead to slightly different properties of the wavelet analysis. Wavelets are often
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selected to more or less match the shape of the signal under investigation. A stepwise signal
is treated differently by wavelets with different smoothness (Bradshaw and Spies, 1992).
Progressively wider wavelets (in time; Fig. 2.2a) have poorer temporal resolution. This is
analogous to the influence of a moving average on an extreme value (spike) in a series. The
spike is spread out depending on the width of the moving average. But wider wavelets, such
as d10 and s20 (Fig. 2.2a) have better frequency resolution (steeper slopes in figure 2.2b),
allowing for a clearer distinction between the scale bands. If a wavelet is not wide enough,
variation at frequencies close to the edge of the band (e.g. a periodicity of 4 observations
in figure 2.2) could show up in neighboring bands, a phenomenon called ‘leakage’. Wavelet
transformations using asymmetric wavelets (e.g. d10) introduce a temporal shift in the
wavelet coefficients relative to the time series they were derived from. Symlets, such as s20
(symlet with 20 filter coefficients; Fig. 2.2a) minimize this shift (Daubechies, 1992).

The wavelet filter has a certain width and extends beyond the first/last observation,
such that values outside these boundaries are needed to calculate the boundary wavelet
coefficients. External values may be generated by repeating the signal (circular filtering,
Percival and Walden, 2000), but this creates problems when the beginning and end of the
signal do not ‘match’, for instance with decreasing values over time. Alternatively, the
original signal may be extended with a mirrored version (‘reflection boundary treatment’).
Finally, the series can be padded with zeroes at the end (Cazelles et al., 2008). Clearly all
these treatments produce artifacts at the boundaries, which persist a certain distance into
the inner part of the series. Coefficients that are severely affected by boundary effects should
be removed from analysis (cf. section 2.2.4).

2.2.2 Application of the wavelet transform

The wavelet transform coefficients are essentially measures of the changes in a signal at a
number of scales, i.e. a scalewise and temporal distribution of the variation in a signal.
They do not have a straightforward interpretation. In certain instances (depending on
the wavelet) wavelet coefficients are interpretable as differences between values in the time
series, while the scaling coefficients are weighted averages (Percival and Walden, 2000). The
multiresolution analysis, discussed below, will provide a more intuitive interpretation (cf.
section 2.2.2). However, a number of analysis techniques have been derived from the wavelet
transforms, some of them are introduced here because of their usefulness and relatively
straightforward applicability in ecology.

Analysis of variance (ANOVA)

A wavelet transformation decomposes the total variance of a signal according to scale, such
that the sum of the variances in the individual transform vectors equals the total variance
in the signal (Percival, 1995). By means of wavelet ANOVA, it is thus possible to examine
the fractions of variance in the signal attributable to each scale (i.e. variance partitioning).
This per-scale variance can be studied globally (one value per transform vector) or locally
(changing over time within a wavelet vector) (Serroukh et al., 2000). The wavelet coefficients
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are thus more easily interpreted as measures of variance than in terms of the actual signal.
A similar ANOVA approach exists in the context of the discrete Fourier transform, where
the variance is a function of individual frequencies rather than scales (Shumway and Stoffer,
2006). Note the difference with a standard analysis of variance in a linear models context.
The latter determines the variation in a dependent variable attributable to a particular fac-
tor(set) and is essentially a bivariate technique. The wavelet ANOVA, however, determines
the variation attributable to a scale and hence is a univariate technique.

Multiresolution analysis (MRA)

The multiresolution analysis is the reverse transformation of the individual coefficient vectors
from the wavelet domain to the time domain. Wavelet vectors (dj) are transformed to
detail vectors (Dj), and scaling vectors (sJ) to smooth vectors (SJ ). The smooth vector SJ
represents the average signal at a certain scale level J and the detail vector DJ represents the
deviation from this smoothed signal at scale J-1. The result of the elementwise summation
of these two vectors is the smooth vector SJ−1 at scale level J-1. If the detail vector DJ−1

is added to the latter smooth vector the result is the smooth vector SJ−2, and so on, until
S1 + D1 results in the original signal. This summation process is given by the equation:

x(t) = SJ +
J
∑

j=1

Dj (2.3)

where Dj =
∑

k dj,kΨj,k(t)

SJ =
∑

k sJ ,kΦJ ,k(t)

(cf. Equation 2.2).
An MRA thus offers a more intuitive interpretation of a signal in terms of means and

deviations when compared to the MODWT in terms of variance. However, the MODWT-
based MRA does not preserve the variance like the MODWT does, and can not be used for
a variance analysis. The MODWT and the MODWT-based MRA are therefore complemen-
tary.

Wavelet correlation and spin correlation

Similar to splitting the variance of one signal, the covariance/correlation between two signals
can also be broken down into scale-dependent covariances or correlations (Serroukh and
Walden, 2000a,b; Whitcher et al., 2000). This principle works for standard correlation
without time lags, as well as for cross-correlations. The scale-dependent cross-correlation
is also referred to as ‘spin-correlation’ (Whitcher, 2007). These techniques allow for the
scalewise investigation of the relationship between two variables, and allow in some cases
for the separation of irrelevant variation from the signal of interest.
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Wavelet coherence and phase analysis

Whereas the wavelet and spin correlation are a measure for the time-averaged scale-specific
covariation of two signals, the coherence between two series is a time dependent, instanta-
neous (local) measure for common scale-specific behavior. It is defined in analogy with a
simple squared correlation on the interval [0,1]. Whitcher and coworkers (2005) have de-
veloped a MODWT-based coherence analysis, making use of the Maximal Overlap Discrete
Hilbert Wavelet Transform (MODHWT) to calculate a coherence and the phase difference
between signals. Essentially, a complex representation of both signals is generated using
the MODWT with a specific sets of template wavelets (Hilbert wavelet pairs). From these
representations the complex modulus and argument are used to derive a common strength,
and mutual angular difference is calculated (similar to an amplitude and phase of sine/cosine
waves). We refer to the specialized literature for more details (Selesnick, 2001, 2002; Selesnick
et al., 2005; Whitcher et al., 2005). Note that coherence analysis is also well developed in the
context of continuous wavelet transforms (Torrence and Compo, 1998; Jevrejeva et al., 2003;
Grinsted et al., 2004; Maraun et al., 2007) and in the context of Fourier analysis (Shumway
and Stoffer, 2006), but the time dependence is lost in the latter application.

2.2.3 The data

From the 17 stations in the North Sea regularly monitored by the Dutch national monitoring
program, we selected one station, TSCH175 (54°43’6.2”N, 3°41’25.1”E), located at 175 km
off the coast of the barrier island of Terschelling (Fig. 2.3). Two time series were investigated:
dissolved organic nitrogen (DON) and nitrate (NO−3 ). While the seasonal variability of NO−3
is well known and often clear, this is not the case for DON. Dissolved organic nitrogen is
a variable whose signal is difficult to interpret, since it consists of a variety of compounds
with differential complexity, bio-availability, and turnover times (Bronk, 2002). The DON
and NO−3 time series span the period from the beginning of 1992 to 2004. However, due to
a methodological switch in the DON analysis, most of the analyses were performed on the
data subset from 1995 to 2004. All the basic data used in this study are publicly available
through a website (Rĳkswaterstaat, 2009). The DON measurements from the other stations
in the marine monitoring program were investigated elsewhere using the methods presented
here (chapter 2).

The wavelet transforms used require observations to be equidistant. Most samples oc-
curred on a monthly basis. When higher sampling frequencies were found, the values were
averaged per month. Additionally, missing values were substituted by expected values from
linear interpolation between adjacent measurements. If doubt existed about potential ar-
tifacts resulting from this interpolation strategy, an average value was used based on the
surrounding values of the missing data point in a month-year two-dimensional plot, thus in-
corporating both information from successive measurements and measurement for the same
period within-the-year of successive years.
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Figure 2.3: Location of the sampling station in the central North
Sea, 175 kilometers from the coast of Terschelling.

2.2.4 The software

All statistical analyses were performed using the packages ‘waveslim’ (Whitcher, 2007) and
‘wmtsa’ (Constantine and Percival, 2007) in the Rstatistical software (R Development Core
Team, 2009); see Table 2.1 for a summary of the most important functions, and section
2.6 for R-code examples). The Fourier analysis and auto-correlation were performed with
functions from the standard R-package ‘stats’ (R Development Core Team, 2009).

All wavelet analyses were based on the MODWT. The least asymmetric wavelet of width
8 (la8; also called symlet or s8) was used because of its smoothness, its relatively small
width, and because no significant leakage was present (see 2.3.2). The la8 wavelet is one
of a large set of Daubechies wavelets (Daubechies, 1992), that are often used in discrete
wavelet analyses, e.g. because the scales are easily interpreted in terms of the signalâĂŹs
frequencies (see Fig. 2.2; Serroukh et al., 2000).

The decomposition depth (J) was fixed at four. In case of the monthly sampled data, this
means that the seasonality (seasonal periodicity) resides in the d3 vector (8-16 months with
an optimal band-pass periodicity around 12 months; Fig. 2.2), the year-to-year variability
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in the d4 vector. A decomposition to more than the year-to-year scale (d4) was not feasible,
because boundary effects would introduce artifacts over a considerable portion of the time
interval (10 years x 12 months/year = 120 observations; cf. section 2.2.1). The temporal
extent of the boundary coefficients amounts for a wavelet transformation using the la8
wavelet as template already to 106 observations in the d4 coefficient vector. Fortunately,
only a fraction of these are severely affected, making a decomposition of 4 scales possible if
some minor bias is allowed (Fig. 2.5).

Table 2.1: Summary of the most important R-functions used in this study. Two packages were
used (first column), but more exist on the CRAN website (R Development Core Team, 2009). See
section section 2.6 for R-code examples.

Functions Description

w
av

es
li

m

modwt()

dwt()

Construction of a (maximal overlap) discrete wavelet

transformation of a series

phase.shift() Shifts the coefficients in a modwt object back to the right

position after the phase shift induced by the filtering

wave.filter() Converts a name of a wavelet to a set of coefficients for

the father and mother wavelet

wavelet.filter() Converts a name of a wavelet to a filter at a specific scale

mra() Construction of a multiresolution analysis object, based

on a DWT or MODWT

wave.variance() Calculates the wavelet variance and confidence intervals

per scale

wave.covariance()

wave.correlation()

Calculates the wavelet covariance/correlation and confi-

dence intervals per scale

modwt.hilbert()

dwt.hilbert()

Construction of a maximal overlap discrete Hilbert

wavelet transformation of a series using Hilbert filter

pairs

hilbert.filter() Same as wave.filter but for a Hilbert wavelet pair

modhwt.coh()

modhwt.phase()

modhwt.coh.seasonal()

modhwt.phase.seasonal()

Functions to calculate the coherence and phase difference

between two signals. Both temporally and seasonally

averaged values can be returned.

w
m

ts
a

wavDWT

waveMODWT

Construction of a (maximal overlap) discrete wavelet

transformation of a series (S4 object).

wavVar Calculates the wavelet variance and confidence intervals

per scale

wavGain Calculates the squared gain function of a given filter.

A reflection boundary treatment was used due to the asymmetry in the time series (cf.
section 2.2.1). Because of the limited extent of the data set, we distinguished between
coefficients that were only mildly affected and coefficients that could be severely biased by
the circular filtering. The transition between these two classes was estimated by calculating
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the e-folding time1 of a wavelet (developed in the context of the CWT, where it is referred to
as the ‘cone-of-influence’; see for instance Torrence and Compo, 1998). Coefficients within
the cone-of-influence defined by the e-folding time of the wavelet filter were withheld from
analyses.

Phase shift corrections were performed using the functionality in the waveslim package
(Whitcher, 2007) to realign the wavelet transform vectors with the original series (table 2.1).
This is needed because the filtering of a series induces a temporal shift in the features in the
transform relative to their origin in the series, due to the asymmetry of the filter relative to
the position of the calculated coefficient.

2.3 Results

Our analyses will be performed on time series that differ in the strength of seasonality. NO−3
exhibits a strong seasonality and has a well-known and easily interpreted behavior. Dissolved
organic nitrogen (DON) exhibits more erratic behavior and its seasonality is more difficult to
discern at the station. First, we discuss the Fourier spectra and auto-correlation functions.
Next we compare them with the results from the wavelet transform analysis. And finally,
more specific wavelet-based techniques are illustrated. We start with univariate techniques
and then move on to bivariate techniques to investigate the relationship between two signals.
The DON dynamics at other stations from the Dutch marine monitoring network and their
ecological implications are dealt with elsewhere (chapter 3).

2.3.1 Traditional time series approaches

Nitrate (NO−3 ) data were log-transformed to obtain an approximate normal distribution.
Transformation of the DON signal was not necessary. A KPSS stationarity test (Kwiatkowski
et al., 1992) applied to the DON signal from 1992 to 2004 indicated significant deviations
from level stationarity (KPSS level = 2.14, Truncation lag parameter = 2, p = 0.01) and
trend stationarity (KPSS trend = 0.62, Truncation lag parameter = 2, p = 0.01). The
DON signal was therefore non-linearly detrended by subtracting a spline smoother from
the original data (Fig. 2.4). After the detrending step no significant deviations from trend
or level stationarity remained. The log(NO−3 ) data showed no significant deviations from
stationarity (Fig. 2.4a) and were used as such.

The time series, the periodograms, and the auto-correlation functions for nitrate and
DON are plotted in figure 2.4. The strong seasonality in the log(NO−3 ) signal is indicated
by the peak at frequency 1 yr−1 (red line) in the smoothed periodograms (Fig. 2.4b).
Also the half-year periodicity was significant - the blue vertical bars in the periodograms
represent the 95% confidence intervals. For the more irregular DON signal, a significant
half-year periodicity was detected (Fig. 2.4e). The auto-correlation functions (ACF) gave

1The e-folding time/distance of a wavelet is roughly defined as the distance from the point of maximum
power where the power is reduced to e−2 times this maximum power. This can be used to calculate at what
distance from the endpoints of a signal a maximal bias at the endpoints would reduce to e−2 (= ± 13.5 %)
times this maximal bias.
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no additional information. The ACF of the NO−3 signal exhibited a 12-month periodicity
(Fig. 2.4c) due to the strong seasonality as already identified by the spectral analysis. The
ACF of the detrended DON series showed no significance at any lag (Fig. 2.4f).
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Figure 2.4: The time series of NO−
3

(a.) and DON (d.) with
their respective periodograms (b., e.) and auto-correlation func-
tions (c., f.). The blue vertical bar on the periodogram and the
blue dashed lines on the auto-correlation plot (b., d.)delineate
the approximate 95%-confidence intervals. The vertical dashed
red line indicates the yearly periodicity (seasonality). The DON
concentrations were detrended prior to the analyses using a
spline smoother (red solid line in the DON time series plot).
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2.3.2 Univariate wavelet methods

The Maximal Overlap Discrete Wavelet Transform (MODWT)

The MODWTs of the NO−3 and DON concentrations are depicted in figure 2.5. The wavelet
vectors - containing the wavelet coefficients in chronological order - are given, going from
the finest scale (d1) to the coarsest (d4). The bottom graph depicts the scaling coefficients
(s4) as a function of time, representing the remainder of the variability after the finer scales
(d1-d4) have been isolated.

The inner red, solid, vertical lines represent the limits of the boundary coefficients. All
coefficients outside these lines are affected to some degree by boundary effects. The regions
outside the blue dashed lines on either side of the graphs are the coefficients within the
e-folding distance (specific per wavelet filter) from the endpoints of the signal. The regions
enclosed by either set of limits become progressively smaller as wavelet filters become wider.
This illustrates the limitations imposed on the decomposition depth. However, by allowing
some bias (i.e. as given by the region within the blue lines in each graph) even the coarser
scales can be investigated over a relatively larger temporal range.

For log(NO−3 ) (Fig. 2.5, left) the seasonal component (d3) dominates, as indicated by
the height of the coefficients (in absolute value). This is consistent with the results from
the Fourier analysis and ACF (Fig. 2.4). However, some fluctuations in the strength of
variability are visible (cf. d3 in Fig. 2.5) and co-vary with fluctuations in the scaling
coefficients (s4).

The DON signal shows very little variability in the seasonal scale d3 (Fig. 2.5, right).
The variation in the d1 wavelet vector appears to be dominant. A second important feature
in the DON wavelet decomposition is the sudden drop in the scaling coefficients around
1994-1995 and the concurrent peaks in all wavelet vectors (d1-d4). This abrupt change
coincided with a methodological transition from a manual destruction of the total dissolved
nitrogen (TDN) following (Koroleff, 1983) to an online system with a similar procedure. It
is possible that this methodological shift in the measurement procedure around 1995 has
lowered the average measured value (scaling vector), possibly due to reduced contamination
or a less thorough shorter online destruction. Note that the effects of the sudden decrease
(high variation in some wavelet vectors and a decrease in the scaling vector) spread out
progressively with increasing scale. This is due to the width of the wavelet and scaling
filters.

Whereas the Fourier analysis already gave information on the dominance of the season-
ality in the log(NO−3 ) signal and the smaller scale variability in the DON signal, the wavelet
transform shows the time dependence of this variability for both variables. However, in com-
parison with the Fourier transform, direct interpretation of the wavelet transform coefficients
is less straightforward.
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Figure 2.5: MODWTs of the log(NO−
3

) (left) and DON (right) concentrations at station TSCH175 at four
scale levels. The series d1-d4 are wavelet coefficient vectors; the series s4 is the scaling coefficient vector
at the coarsest scale. Coefficients not enclosed by the red solid lines are boundary coefficients (coefficients
affected by circular filtering). The blue dashed lines are delineate the filter-specific e-folding distances from
the beginning and end of the series (cone-of-influence in Torrence and Compo, 1998).

Wavelet analysis of variance

Wavelet analysis of variance (wavelet ANOVA) gives a comprehensive view of the distribu-
tion of the variance of a signal over different scales. Figure 2.6 shows the wavelet variance
in the DON and log(NO−3 ) concentrations as a function of scale. For this analysis, we used
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only the data from 1995 onwards to avoid influences from the measurement bias. Because
the calculation of the confidence limits is based on the assumption of stationary normally
distributed coefficients (Serroukh et al., 2000), log-transformed NO−3 concentrations were
used. The presence of leakage was checked by calculating the wavelet variances using pro-
gressively wider filters (least asymmetric wavelets of width 8 and 16), until the successive
variance calculations converged. Once the difference per scale was negligible, the smaller of
the two wavelets was taken. In our results no difference was found in the wavelet variance
based on the la8 relative to that based on the la16 wavelet. Thus, the la8 was selected.

W
av

el
et

 V
ar

ia
nc

e

0.05

0.10

0.20

0.50

1.00

2.00

d1 d2 d3 d4

[DON]
log[NO3

−]

Figure 2.6: Wavelet variance for DON (red dots) and
log(NO−

3
) (blue diamonds). The whiskers represent the 95%-

confidence intervals. The thick black line embedded in a gray
strip represent Gaussian white noise with the same overall
variance as the DON signal and 95% confidence limits based
on 10000 simulations.

The variance in log(NO−3 ) resides predominantly in the d3 wavelet vector (blue diamonds
in Fig. 2.6), whereas the variance in the DON concentrations appeared predominant in the
finest scales (red bullets in Fig. 2.6). A linearly decreasing relationship between the wavelet
variance and the scale, with slope -1 on a log-log plot is what is expected for a random
Gaussian signal (Percival and Walden, 2000). In a random Gaussian signal all frequencies
would be equally important, leading to a horizontal Fourier spectrum. However, since the
scale bands in a wavelet transformation are not of equal width in terms of the frequencies
that are captured (dyadic decomposition), the d1 component of the wavelet variance takes
around half of the frequency range of a periodogram, the d2 components takes roughly a
quarter, and so on (Fig. 2.2). This means that if all frequencies are equally represented
in the signal, its wavelet variance in consecutive scales will decrease. This is represented
by the thick black line (Fig. 2.6) with 95% confidence interval, based on 10000 simulated
random white noise series with standard the same standard deviations as the DON signal.
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2.3. Results

Overall the DON wavelet variance closely resembled the expected variance from random
noise, although being slightly lower in the first scale. Although the global trend in the
Fourier spectrum was close to horizontal, some significant peaks were found at interannual
frequencies and around the half-yearly frequency (Fig. 2.4), supporting the small deviation
from randomness found by the wavelet variance analysis. Other stations showed even more
deviation from this randomness, but these data are shown elsewhere (chapter 3).

Just as the periodogram (Fig. 2.4) the global wavelet variance (Fig. 2.6) is an average
measure for the entire series. The temporal aspect is sacrificed. However, one advantage of
the wavelet ANOVA over the Fourier spectrum is that no prior detrending or complicating
transformations, such as differencing, are needed. A disadvantage is the decrease in fre-
quency resolution of the wavelet ANOVA with respect to the periodogram, making wavelet
ANOVA less easy to interpret.

Multiresolution analysis (MRA)

A multiresolution analysis results in a mathematical object of similar structure as the
MODWT and allows to reconstruct the original signal. Because it is an additive decompo-
sition, reconstruction of the original signal is accomplished just by taking the vector sum of
the individual detail vectors and the smooth vector at the coarsest scale level. By including
or omitting vectors it is possible to include or exclude variation at particular scales (filter-
ing). The middle graph in figure 2.7 shows a reconstruction of the intra-annual part of the
total DON signal (upper graph) that resulted from the vector sum of D1 to D3 (this is also
called the level 3 ‘Rough’ or R3 vector, Percival and Walden, 2000). The lower graph is the
smooth vector S3 (lower graph), exhibiting the interannual variation. This method can thus
also be used to eliminate long-term trends prior to spectral analysis, something that was
accomplished in section 2.3.1 by subtracting a spline function from the original signal (see
above). While this worked relatively well, the choice of the parameters is rather arbitrary
and not related to scale. In contrast, by choosing the appropriate decomposition level J in
an MRA we can just perform a spectral analysis on the level J Rough. Note that in the
multiresolution analysis about twice as many boundary coefficients are generated compared
to the wavelet transform, due to an extra filtering operation (Percival and Walden, 2000).
Because of its additive nature and the resulting intuitive interpretation the multiresolution
analysis is a more straightforward choice as exploratory tool than the wavelet transform.

2.3.3 Bivariate wavelet methods

Correlations and covariances between two variables can be investigated with increasing de-
tail. They are decomposed across scales, resulting in scale-specific wavelet correlations (co-
variances). This allows for the identification of the dominant scale of co-variability. Just as
with Pearson’s correlation, time lags can be introduced in the wavelet correlations. In other
words, cross-correlations between variables are decomposable over scales just as Pearson’s
correlation. This is sometimes addressed as spin correlation (Whitcher, 2007).
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Figure 2.7: The original DON time series (a.), the intra-annual
(D1 + D2 + D3; b.), and long-term (S3; c.) component
signals. All units are µmol l−1. The values in graph (b.) are
deviations from the values of the underlying baseline signal
(c.; S3).

We investigated the relation between DON and log(NO−3 ) using a sequence of steps (Fig.
2.8). First of all, no significant correlation was found between DON and log(NO−3 ) in a
regular scatter plot (Fig. 2.8a). The wavelet correlations between DON and log(NO−3 )
did not show obvious deviations from linearity (data not shown). Secondly, scale-specific
correlations were investigated. Although differences in the magnitude and even the sign of
the scale-specific correlation are visible in figure 2.8b, no significance was attained at any
scale. The half-yearly (d2) scale gives some indication of a potential negative relationship
but the confidence interval is too wide to be significant. Thirdly, we looked at the presence
of time lagged correlations (wavelet cross-correlations). At the second scale level the wavelet
cross-correlation between DON and log(NO−3 ) was marginally significant for DON lagging
2 months relative to NO−3 (Fig. 2.8c; indicated by an asterisk). It is worth mentioning that
the global cross-correlation (without wavelet transformation) did not give any consistent
patterns, let alone significant results (data not shown). Note that the lag 0 spin correlation
at the second scale (thick line in Fig. 2.8c) equals the d2 wavelet correlation (thick whiskers
in Fig. 2.8b).

The relationship between DON and NO−3 can be understood as a transfer of nitrogen
from the NO−3 pool to the DON pool via the PON pool (microbial community). The
transfer in the other direction (DON to NO−3 ) will occur through the pathway with NH+

4
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2.4. Discussion

as intermediate. If only the first pathway (NO−3 to DON) is considered and is assumed to
be fast, one could expect a negative relationship at lag 0 (DON increases at the expense
of NO−3 ). However, due to the extra steps and the presumed differential rates of transfer
between the pools DON, PON, NO−3 and NH+

4 one can expect time lags, such as shown here
(Fig. 2.8c).

The wavelet coherence measures how much two signals co-vary in a broad sense. If the
coherence is close to 1, the signals show a strong ‘common behavior ’. If it is close to zero
the signals do not behave in a coherent way. The coherence is also intrinsically connected
with a phase difference, which is defined on the interval [-π, π[ (2π = one period / one scale
unit). This phase difference is the ‘spectral’ equivalent of a time lag (cf. complementarity
of the periodogram and the auto-correlation function). A wavelet coherence/phase analysis
gives essentially the same information as the wavelet cross-correlation, but introduces the
extra dimension of time (the coherence and phase vary with time).

We analyzed the aforementioned relationship between DON and log(NO−3 ) for its stability
over time. At the second scale (around half a year) the squared coherence between DON
and log(NO−3 ) was initially low, but increased around 2000 (Fig. 2.8d). They are indicating
a strengthening of the relationship between the respective concentrations around that time.
From 2000 onwards the phase difference was more stable (dots in figure 2.8d). A constant
phase means that the two processes vary ‘at the same frequency’; in other words they behave
in a coherent fashion. The average phase over the entire measurement period of 2.4 radians
(after correction for the truncation in 1997-1998) is roughly equivalent to the time lag of 2.3
months, if a periodicity of 6 months (roughly the bandpass optimum) was assumed. This
agrees quite well with the time lag from the wavelet cross-correlation analysis (Fig. 2.8c).

The scatter plot of the d2 component of the MODWT of DON versus that of log(NO−3 )
illustrates what the increased coherence means (Fig. 2.8e). All the dots together represent
the temporal range 1995-2005. The red bullets are the subset of coefficients from 2000 to
2005. The squared correlation coefficient of the entire set (R2 = 0.13) was smaller than
that of the subset (R2 = 0.40). This coherence analysis has thus illustrated that the global
(over the entire time span) relationship between DON and log(NO−3 ) was very weak - only
just significant if the time lag was taken into account - because a stronger relationship only
occurred from roughly 2000 onwards. The added value of the coherence analysis to the
wavelet cross-correlation is the elucidation of a time-dependent strength in a relationship,
or its consistency over time.

2.4 Discussion

An ecological time series often results from a suite of processes working on different scales.
However, not all scales are equally relevant. Wavelet transformations break down the vari-
ation in this time series on a per-scale basis, elucidating scale dependence of the underlying
ecological processes. Consider an ecological variable that shows long-term variability, sea-
sonality as well as short-term variation. The total variance in the signal gives no information
on how much variation is attributable to the long-term trend and how much is due to sea-
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2. Wavelet approaches to analyze biogeochemical time series

sonality. In addition, it does not indicate whether the small-scale variation changes in time.
Wavelet-based analysis of variation does provide this information. Similarly, for two eco-
logical variables that vary seasonally and interannually, a standard (Pearson’s) correlation
analysis could indicate a significant relationship, but not whether this is due to a common
long-term or seasonal trends or because of smaller-scale co-variation. This illustrates the
fundamentally different nature of time series data from non-serially (or spatially) depen-
dent data, which need to be analyzed by proper time series analysis techniques, rather than
standard statistics.

Wavelets are just as Fourier analyses suited to detect global (time-independent) pat-

terns in signals. Examples of this global approach are the wavelet variance analysis, the
wavelet correlation, and the spin correlation, presenting measures of variance and linear rela-
tionships on a per-scale basis for the entire time domain. Similar Fourier-based approaches
are the spectral variance analysis and spectral coherence analysis (Shumway and Stoffer,
2006).

Compared to wavelets, Fourier-based analyses will give higher frequency resolution, but
if no particular frequencies dominate in the periodogram, such as for the DON signal (Fig 6),
a wavelet variance plot will provide the same information in a more synoptic overview (Fig.
2.6). When a signal exhibits periodicities clearly resembling sine waves, a sine wave-shaped
filter (i.e. Fourier analysis) is always the best way to describe it (Farge, 1992). However, if
the signal exhibits periodic behavior other than sine waves, Fourier analysis will show strong
variation at harmonic frequencies of the actual relevant frequency. By choosing a wavelet
that resembles the signal better than a sine wave, these disturbing harmonics are reduced
or eliminated.

Both the periodogram and the wavelet variance analysis (and wavelet and spin corre-
lations) assume stationarity of the investigated signal or the wavelet coefficients (Serroukh
et al., 2000). For the calculation of the periodogram demeaning and detrending have to
be performed prior to analysis to obtain stationarity (Chatfield, 2004). Linear trends can
be eliminated by subtracting a linear regression line from the actual data. Non-linear de-
trending involves more complicated functions such as spline, loess or lowess smoothers or
moving averages. Here, a spline function was used to remove the long-term signal from the
DON data, prior to the Fourier analyses (Fig. 2.4). In contrast, the wavelet transformation
presents an automated way of detrending by filtering out the trend through the elimination
of the scaling coefficients at a certain decomposition depth (note that this also eliminates
the global mean) and subsequent inverse transformation (cf. imodwt in Tab. 2.1) or equiva-
lently, summing the detail vectors of a multiresolution analysis with the same decomposition
depth (Fig. 2.7). With a proper choice of the decomposition depth all the variation at larger
scales is eliminated or at least reduced. Another way of transforming a signal to stationarity
is by differencing (Chatfield, 2004; Shumway and Stoffer, 2006). Wavelet transformations us-
ing a Daubechies wavelet (Daubechies, 1992) have by construction a number of differencing
operations and present an automated way of transforming certain classes of non-stationary
signals to stationary wavelet coefficients. For a more elaborate treatment we refer to Percival
and Walden (2000).

x
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2.4. Discussion

Figure 2.8: Scatter plot of DON vs. log(NO−
3

) (a.), scale-wise wavelet correlations (b.), d2 wavelet spin-
correlation (c.), d2 wavelet coherence (grey polygon) and phase (black dots; d.), the scatter plot of the d2

wavelet coefficients with a time lag of 2 months (e.) for the entire period (open circles) and for 2000-2005
(gray dots), and the d2 vector of the wavelet cross-correlation of the 2000-2005 subset (f.). Asterisks and
thick lines indicate significance and 95%-confidence intervals respectively.
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2. Wavelet approaches to analyze biogeochemical time series

Both Fourier-based coherence analysis and wavelet correlation analysis can shed light on
the global scale-specific relationships between processes (Whitcher et al., 2000; Shumway
and Stoffer, 2006). Again, the Fourier-based approach provides higher frequency resolution.
For wavelets, if the relevant scale is at the edge of a scale band of the wavelet transform, the
correlation between the variables of interest (and also the variance of these variables) will be
divided over two neighboring scales (Fig. 2.2). On the other hand, the wavelet correlation
(and spin correlation) is more easily interpreted than the Fourier coherence and phase and
the high frequency resolution of the Fourier techniques is not always needed.

Although wavelet analysis provides global information about time series similar to frequency-
domain (Fourier) analyses, their real added value lies in the ability to investigate the tem-
poral dependence of these phenomena, local characteristics. For instance, the MODWT
(and MRA) of the DON signal showed that the baseline DON concentration dropped sud-
denly at the beginning of 1995 (Fig. 2.5), and this pointed to a potential artifact caused by
the manual destruction in the DON analysis before 1995. The MODWT thus allows for a
quick scan for sudden changes in the variability in a parameter throughout the measurement
period, a valuable asset for analyzing data derived from long-term monitoring programs. In
the MODWT coefficients of the log(NO−3 ) series a fluctuation in the scaling coefficient val-
ues and a concurrent fluctuation in the variability of the d3 wavelet coefficients was visible,
which was attributable to an interannual periodicity in the yearly NO−3 maxima. These re-
sults illustrate the exploratory strength of the MODWT and MRA because they pull apart
the variability in scales and over time, making particular features more easily detectable
than in the original signal. Beside non-stationarities in individual time series, temporal
changes in relationship between variables are detectable using a wavelet coherence analy-
sis (note that in contrast to the wavelet coherence the Fourier-based coherence is a global
measure). Our analysis (Fig. 2.8) showed a change in the relationship between DON and
NO−3 . Whereas the wavelet and spin correlations gave some additional information on the
dominance of scales in the correlation between DON and NO−3 , the coherence analysis on
these variables showed that a stronger relationship only occurred from 2000 onwards (Fig.
2.8). Coherence analysis is also useful to verify the consistency of periodic patterns, such as
seasonality from one variable. An average annual profile (with averages per month) can be
compared to the original signal from which it was derived. This gives indications on how
well this seasonal model remains consistent over the entire time-series and it can highlight
important deviations from the average seasonality occurring through time. This strategy
was used by Kromkamp and Van Engeland (2009) to illustrate shifts in bloom phenology of
the phytoplankton in the Westerschelde estuary, and by Van Engeland et al. (submitted) to
detect a shift in DON seasonality at the Dogger Bank (central North Sea).

An additional application of wavelet analysis is based on the decorrelating nature of
the standard DWT (Fan, 2003; Craigmile and Percival, 2005). By eliminating the serial
dependence in the data, simple regression approaches or maximum likelihood methods based
on DWT become possible. Fadili and Bullmore (2002) developed a way to use maximum-
likelihood methods on dependent data by decorrelating their data with a DWT. Carl and
Kühn (2008) investigated the distribution of species richness of plants in a two-dimensional
spatial context using a DWT-based MRA. The Discrete Wavelet Packet Transform (DWPT)
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could provide a valid alternative to obtain a higher degree of decorrelation (Percival et al.,
2000), but this falls outside the scope of this work.

The above discussion clearly shows the advantages of wavelet-based approaches in addi-
tion to standard time and frequency domain analyses. There are, however, also drawbacks to
using wavelet transformations; the most prominent being restrictions imposed by the length
of the time series. In our analyses, the 120 sampling points restricted the width of the filter
and the maximal depth of decomposition. Decomposition to more than the year-to-year
scale (d4) was not feasible, as beyond this level boundary effects would dominate. Although
boundary effects can be attenuated by a proper choice of boundary treatment (cf. section
2.2), some loss of data at the beginning and end of the signal is unavoidable.

In addition to the upper limit on the wavelet width, imposed by the length of the series,
also a lower limit may be imposed. Narrow wavelets give a bad delineation of the frequency
bands (impaired frequency resolution), inducing leakage of variance from one scale level to
another (Percival and Walden, 2000). If the variance per scale is investigated this leakage
should be kept to a minimum and the choice of the wavelet should be done carefully.

This freedom of choice of the wavelet provides flexibility but can also be considered a
disadvantage since additional theoretical knowledge is needed to make the right choice, and
because it introduces an element of arbitrariness.

Another drawback of the wavelet transformations is that the sampling frequencies have
to be constant (values should be equidistant). This problem was here circumvented by
introducing interpolated values and averaging per month, but it is clear that gaps in the
series should be small and interpolation strategies could induce artifacts. Second-generation
wavelets might provide a flexible way of dealing with non-equidistant observations (Cazelles
et al., 2008; Jansen and Oonincx, 2005). Note that these limitations also exist for Fourier
analysis.

Finally, other applications of discrete wavelet methods exist, e.g signal smoothing/denoising
(Siddaiah et al., 2008), tests for homogeneity of variance in long-memory processes (Whitcher
et al., 2002), expansion of the number of dimensions (spatial analysis), rotated cumulative
variance plots and normalized partial energy sequences to characterize the signal’s variabil-
ity, the application of wavelet packet transforms for increased frequency resolution (Percival
and Walden, 2000), and so on.

2.5 Conclusion

Specialized time series methods are a part of statistics that are relatively underused in ecol-
ogy and biogeochemistry, yet they are a prerequisite for obtaining the maximal knowledge
from monitoring campaigns. The increasing availability of data from large scale monitoring
projects will make specialized statistical methods for time series analysis indispensable to
ecological research. Wavelet-based analyses are situated on a continuum between the time
and frequency domain, and present a valuable addition to a larger toolkit of methods for
tackling ecological and biogeochemical questions by means of time series data.
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2.6 Supplementary data: R-code to generate the graphs

The R-code used to construct the graphs in this paper were added as supplementary data
in appendix A. It uses the functions that were presented in table 2.1.
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3. Dissolved Organic Nitrogen

Dynamics in the North Sea: a

time series analysis (1995-2005)

Van Engeland T., K. Soetaert, A. Knuĳt, R. W. P. M. Laane & J. J. Middelburg. Submitted

to Estuarine Coastal and Shelf Science

Abstract - Dissolved organic nitrogen (DON) dynamics in the Dutch North Sea were explored by

means of long-term time series of nitrogen parameters from the Dutch national monitoring program.

Generally, the data quality was good with little missing data points. Different imputation methods

were used to verify the robustness of the patterns against these missing data. No long-term secular

trends in DON concentrations were found over the sampling period (1995-2005). Interannual vari-

ability in the different time series showed both common and station-specific behavior. The stations

could be divided into two regions, based on absolute concentrations and the dominant times scales

of variability. Average DON concentrations were 11 µmol l−1 in the coastal region and 5 µmol l−1

in the open sea. Organic fractions of total dissolved nitrogen (TDN) averaged 38 and 71 % in the

coastal zone and open sea, respectively, but increased over time due to decreasing dissolved inorganic

nitrogen (DIN) concentrations. In both regions intra-annual variability dominated over interannual

variability, but DON variation in the open sea was markedly shifted towards shorter time scales rel-

ative to coastal stations. In the coastal zone there was a consistent and strong seasonal DON cycle

with high values in spring-summer and low values in autumn-winter. In the open sea the seasonal

cycle was weak and more erratic behavior was apparent. A marked shift in the seasonality was found

at the Dogger Bank, with a DON buildup towards summer and low values in winter prior to 1999,

and a buildup in spring and decline throughout summer after 1999. Potential mechanisms for this

change in seasonality are discussed. This study clearly shows that DON is a dynamic actor in the

North Sea and should be monitored systematically to enable us to fully understand the functioning

of this ecosystem.
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3.1 Introduction

Human activity has a major impact on nitrogen and phosphorus cycling in coastal systems
all over the world (Nixon, 1995; Smith, 2003). Effects of coastal eutrophication have been
described for, among others, the Baltic Sea (Larsson et al., 1985), the East Coast of the
United States (Boyer et al., 2002), the German Bight (Hickel et al., 1993), and the southern
North Sea (de Vries et al., 1998).

Increased nutrient levels in rivers led in most cases to increased primary production (e.g.
Wadden Sea, Cadée and Hegeman, 2002), changes in community composition (Philippart
et al., 2007), changes in nutrient ratios (Conley et al., 1993; Soetaert et al., 2006) and hypoxia
(Welsh and Eller, 1991), and ultimately to an increased supply of nutrients and/or organic
matter to the coastal systems because of a changing estuarine filter function (Soetaert et al.,
2006). Although a mild form of nutrification could be beneficial to for instance fisheries
yields (fertilization), the effects have generally been negative and severe (Cloern, 2001).

Recently, riverine nutrient loads to coastal ecosystems have decreased in many indus-
trialized countries due to nutrient reduction measures taken from the mid 1980s onwards.
Declining nutrient concentrations were reported for rivers throughout the United States
(Alexander and Smith, 2006), and in Eastern Europe (Weilguni and Humpesch, 1999; Stål-
nacke et al., 2004) and Western Europe (e.g. van Beusekom and de Jonge, 2002 and de
Jonge et al., 2002 for the Rhine, and Soetaert et al., 2006 for the Scheldt).

Reductions in nutrient concentrations have also been reported for coastal systems such
as Chesapeake Bay (Kemp et al., 2005), the Danish coast (Conley et al., 2002; Carstensen
et al., 2006), the Swedish Baltic coast (Elmgren and Larsson, 2001), and the Dutch coast
(de Vries et al., 1998). However, primary producers (and whole ecosystems) did not always
respond as expected. McQuatters-Gollop et al. (2007), for instance, reported increasing
primary production in the presence of declining nutrient concentrations imposed by nutri-
ent reduction strategies. Cloern (2001) already pointed out that ecosystem responses are
generally non-linear.

To document and eventually understand these eutrophication/oligotrophication related
changes rigorous long-term monitoring programs such as DNAMAP (Denmark; Carstensen
et al., 2006) or MWTL (The Netherlands; see e.g. de Vries et al., 1998) are indispensable.
Beside the more obvious goals such as monitoring reductions in nutrient concentrations and
phytoplankton production, they should allow for the investigation of more subtle ecosystem
changes such as changing seasonality (Cloern, 2001; Cloern and Jassby, 2008). It is clear
that a more rigorous sampling at higher frequencies is needed for the latter set of goals than
for the former.

Despite the growing awareness of the importance of organic substances as nutrient in
the past decade, relatively few studies have addressed their dynamics in time and/or space.
Often only inorganic parameters such as dissolved inorganic nitrogen (DIN) have been mea-
sured in monitoring efforts, and in the cases where total measurements (total dissolved
nitrogen; TDN) were available, they were analyzed as such (Downing, 1997). The reason is
twofold: (1) the measurement methodology for TDN and dissolved organic nitrogen (DON
= TDN-DIN) is prone to error due to difficulties in making the destruction complete and the
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accumulation of measurement errors in the calculating DON from TDN en DIN (Sharp et al.,
2002), and (2) DON was initially considered nonreactive (Bronk et al., 2007). However, the
seasonality present in DON and lack thereof in TDN in some systems (e.g. Butler et al.,
1979) supports the idea of considering the organic fraction of the TDN separately instead of
only studying TDN. Seitzinger and Sanders (1997) emphasized the weakness of both TDN
and DIN as approximations of the real bio-available nitrogen, which is intermediate. Van Es
and Laane (1982) also measured higher decomposition rates for dissolved amino acid carbon
in comparison to bulk dissolved organic carbon.

The potential of DON as nitrogen source for primary producers has since long been rec-
ognized (see Bronk, 2002 and Bronk et al., 2007 for an overview). Four decades ago growth
experiments with specific organic nitrogenous compounds already showed that axenic phy-
toplankton cultures could grow on organic substances (Antia et al., 1975). Admiraal and
coworkers (1987) reported significant uptake of amino acids by estuarine benthic diatoms
in a matter of hours. Both phytoplankton and bacterioplankton are known to use DON
to fulfill at least a part of their nitrogen requirements (Bronk and Glibert, 1993; Bronk
et al., 2007; Veuger et al., 2004). DON uptake rates and capabilities are taxon and com-
pound/composition specific. The potential of DON as nutrient is further stressed by its
dominance over inorganic forms in oligotrophic and mesotrophic systems (Bronk, 2002).
But even in coastal systems affected by large amount of anthropogenic, atmospheric or
riverine DIN input, DON can still make up 47 % of the total dissolved nitrogen (De Galan
et al., 2004).

Microbes are not only consumers but also producers of DON (Bronk et al., 1994), through
lysis or exudation. Lysis is induced by consumption by zooplankton (sloppy feeding), viral
infection, or cell death after nutrient depletion (collapse of a bloom). The growth phase is
known to play a role in the nitrogen content of the dissolved organic matter (DOM) that is
exuded (e.g. Engel et al., 2002). In addition, DON originates from zooplankton excretion and
defecation (leaching from fecal pellets). Beside these forms of in situ production, riverine
discharge (Badr et al., 2008), atmospheric inputs (Jickells, 1995; Seitzinger and Sanders,
1999), release from sediments (Lomstein et al., 1998; Tyler et al., 2001) and groundwater
discharge (Kroeger et al., 2006) are known to play a role.

The DON pool comprises a wide spectrum of compounds that cycle on a wide spectrum of
temporal and spatial scales (Bronk, 2002). While 15N tracer techniques and bio-assays have
provided a wealth of information on short-term dynamics of DON cycling (e.g. Mulholland
et al., 2002, 2004; Veuger et al., 2004; Andersson et al., 2006), far less is known about the
evolution of the DON pool at larger scales (seasonal, interannual) in a particular system.
Long-term monitoring efforts with sufficient spatial coverage are needed for this.

The Dutch national monitoring program is one of the few long-term monitoring projects
that consistently measured TDN at a number of stations on a monthly basis. We analyzed
DON concentrations derived from a subset of these TDN concentration series to investigate
the patterns present at various temporal and spatial scales in the North Sea. Standard
statistics are used in combination with wavelet-based approaches because the latter provide
a rigorous framework to consider scale dependence without giving up the time dependence,
as opposed to Fourier-based analyses (Shumway and Stoffer, 2006).
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3.2 Materials & Methods

3.2.1 Area of study

The North Sea is a semi-enclosed continental shelf system that is hydrodynamically subdi-
vided into a seasonally stratified northern part (north of 56°N) and a permanently mixed
southern part (Ducrotoy et al., 2000). It receives water from the Atlantic Ocean through
the English Channel in the south and from the North Atlantic Drift north of Scotland, im-
plying a potentially large oceanic influence in these regions. Due to the complex interaction
between tidal currents and bottom topography, oceanic water entering through the English
Channel, is mainly deflected towards the Belgian and Dutch coast, thus creating a current
parallel to the coastline which transports large quantities of terrestrial run-off and suspended
matter from the rivers Scheldt, Meuse and Rhine (Dutch delta area) northward. As such,
this southeastern part is more influenced by river run-off.

The total nitrogen and phosphorus loadings to the North Sea are 8870 ± 4860 kT N
year−1 and 494 ± 279 kT P year−1 (Brion et al., 2004 based on data from the mid 1970s
to the mid 1990s) of which 9 ± 3 % and 8 ± 2 % can be attributed to riverine input,
the majority coming from the North Atlantic. The input of freshwater from the rivers is
estimated at 91-97 km3 year−1. At the Dutch continental shelf (DCS) strong inorganic
nutrient gradients are observed between 20 and 50 km offshore (de Vries et al., 1998) due
to a combination of the coastal current and freshwater input.

Eutrophication effects have been observed for the coastal zone as well as for offshore
regions, such as the Dogger Bank (Kröncke and Knust, 1995). The Dogger Bank region can
exhibit higher primary production than the surrounding parts of the North Sea (Heip et al.,
1992). Past research suggests that annual nitrogen budgets are balanced by nitrogen input
from the Atlantic Ocean and internal recycling (Hydes et al., 1999; van Beusekom et al.,
1999). Together with a favorable climatic regime this has led to an increase in chlorophyll
and primary production at the end of the 1980s throughout large parts of the North Sea
despite decreasing terrestrial nutrient inputs (McQuatters-Gollop et al., 2007).

3.2.2 Stations

Nutrient monitoring has been conducted at the Dutch Continental Shelf (DCS) since the
mid 1970s. These data, stored in the DONAR database (Rĳkswaterstaat, 2009), are publicly
available via the Waterbase website. We extracted data from this database for 9 stations
(Fig. 3.1), covering different zones with contrasting hydrodynamic regimes and nutrient
supplies. All data points concern surface waters, and we deliberately excluded stations at
intermediate distances to enhance the contrast between coast and open sea. The stations
were taken from four transects perpendicular to the coasts of Walcheren (WAC, WAO),
Goeree (GOC), Noordwĳk (NWC, NWO), Terschelling (TC, TO, OG, DB) from south to
north.

Two coastal stations (WAC and GOC) are in front of the Dutch delta system and receive
large quantities of fresh water from the Rhine/Meuse and to a lesser extent from the Scheldt
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(Lacroix et al., 2004). The stations NWC and TC are situated north of the mouth of the river
Rhine. NWC experiences a large influence of this river due to the a predominant northward
drift. TC receives water from the Wadden Sea and Lake Ijssel. All the coastal stations
are subject to terrestrial runoff from different sources, potentially inducing station-specific
differences.

Figure 3.1: Sampling locations at the Dutch Continental Shelf
(DCS). Terrestrial influences (Wadden Sea with inflow from Lake
Ijssel and the Dutch delta area with water from the Scheldt, the
Meuse and the Rhine) and the coastal northward current are in-
dicated. The distances to the coast are indicated for each station
in kilometers. The stations are divided into a coastal and open
sea region (dotted line).

The stations in the open sea are subject to different hydrodynamic regimes as well. The
most southern stations WAO and NWO, in this paper addressed as the southern North Sea,
are in relatively shallow water with a vertically mixed water column throughout the entire
year. While TO and OG are in deep water with a seasonal thermocline. Station DB is
situated on the Dogger Bank in relatively shallow water.

Although the time series for dissolved inorganic nitrogen, dissolved organic carbon and
other auxiliary data were longer, a systematic record for DON is only available from January
1995 onwards. All time series used here contained data points from januari 1995 until
December 2004 at sampling frequencies of at least once per month.
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3.2.3 Chemical analyses

DIN comprising ammonium, nitrate and nitrite has been measured by automated colori-
metric techniques at the Rĳkswaterstaat laboratory. DON was obtained by difference from
TDN and DIN. TDN and DOC were analyzed using a UV-persulphate destruction (Korol-
eff, 1983) to NO−3 and CO2, respectively, and subsequently measured with an auto-analyzer.
The same methods and laboratory procedures have been used during the entire period re-
ported and analyzed here (1995-2004). DON values within DONAR were basically available
from 1992 onwards but those from the first few years were not included because the mea-
surement methodology was changed at the beginning of 1995 (switch from manual to online
destruction of TDN).

3.2.4 Data quality

A long-term time series study requires assessment of the overall quality of the data (Loebl
et al., 2009). The DONAR database contains more data than that covering the North
Sea and there is overlap with data sets generated by other authorities. DIN and DOC
data generated by the Netherlands Institute of Ecology (Soetaert et al., 2006) allow direct
comparison with DONAR data. Where stations and sampling times of both databases were
in close agreement, parameter values showed close agreement as well. The variability in both
data sets was similar for all parameters. This at least supports the consistency between
independently measured values. The laboratory of Rĳkswaterstaat that has generated the
DONAR data is an ISO-CERTIFIED ‘Sterlab’. The laboratory participated on a regular
basis in the QUASIMEME international calibration exercises for nutrients in seawater and
in estuarine waters with satisfactory results (the average Z-score for TDN was 0.33).

3.2.5 Statistics

All statistical analyses were performed using the R statistical software (R Development
Core Team, 2009). Linear modeling was performed using maximum-likelihood methods
from the ‘nlme’ package (Pinheiro et al., 2008). Wavelet-based transformation and analyses
were conducted by means of the ‘waveslim’ (Whitcher, 2007) and ‘wmtsa’ (Constantine and
Percival, 2007) packages.

Regression analyses were performed using generalized linear models (GLM). Corrections
for serial dependence were added if necessary by imposing an appropriate ARMA model on
the residuals (Shumway and Stoffer, 2006). Logarithmic transformations were used to obtain
normally distributed variables when necessary. Spatial variance partitioning was performed
using a hierarchical mixed-effects model with a station-within-region design.

Standard time series analysis techniques, such as auto/cross-correlation analyses were
supplemented with wavelet-based techniques. Wavelet-based transformations show quite
some similarity to Fourier-based approaches but retain the time-domain aspect and allow
for the modeling of local non-stationarities (Vidakovic, 1999). Here, we will only briefly ex-
plain the wavelet techniques so as to make our results understandable. We refer to chapter 3
for a more elaborate summary of the techniques that are used here, and are generally useful
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for the analysis of ecological time series. The Maximal Overlap Discrete Wavelet Transfor-
mations (MODWTs) subdivides the total variation in a time series over scales without loss of
information. In the context of DON, the concept ‘temporal scale’ can easily be understood
by considering the differential turn-over times/rates of different organic compounds. Amino
acids are quickly taken up again after they have been released into the environment by living
organic matter (van Es and Laane, 1982). They have short turn-over time, hence cycle on
short time scales. More complex substances need more effort to be broken down or only a
small fraction of the microbial community is able to use them. They cycle on longer time
scales. The same applies to DON versus DOC; Whereas DOC that contains large amounts
of refractory humic carbon in some coastal systems is broken down slowly due to the low
nutritional value, the DON pool contains larger amounts of more labile compounds that
are immediately useful to autotrophs. Bio-availability is in this way associated with a wide
spectrum of scales. Loh et al. (2006), for instance, found that ultra-filtered dissolved organic
matter (UDOM) and particulate organic matter (POM) have different cycling times, which
implies that they would show dynamic behavior on different time scales.

More general, a time scale corresponds to a time window of a particular width (a lim-
ited range of consecutive values in time). A representative value for process at a particular
scale is then some kind of average representative value, and scale-dependent variability is
associated with differences between those averages. For example, the difference between the
yearly averaged DON values of 2001 and of 2002 determines the variability around this time
at a year-to-year scale. For a more mathematically exact definition in a wavelet context we
refer to the book by Percival and Walden (2000). We have adopted a MODWT of decom-
position depth 4 that subdivides a time series into five scale levels (Tab. 3.1): four wavelet
vectors (d1-d4) containing progressively coarser scale variation, and one scaling vector (s4)
containing all the remaining coarse scale variation. Hence a MODWT transformation of a
time series results in a set of new time series, each containing variability at a certain scale.

Table 3.1: Band-pass properties per wavelet/scaling coefficient vector (d1-s4) for a
MODWT with a least asymmetric wavelet filter (Daubechies, 1992) and a decompo-
sition depth of 4 (scales). The values are in months because the nutrient parameters
were sampled monthly. The left column gives more trivial names that are used in this
paper. They are based on the respective band-pass optima (last column). The upper
and lower bounds are the nominal frequencies (cf. Percival and Walden, 2000).

Nomenclature Transform

vector

Lower

bound

Upper

bound

Band

optimum

fine scale d1 - 4 -

half-yearly d2 4 8 6

seasonal d3 8 16 12

year-to-year d4 16 32 24

inter-annual s4 32 - -

In this paper, scales will be addressed using the scale number or their band-pass optimum.
The third scale level will thus be addressed as d3 (d for detail) or as the seasonal scale
because the optimum frequency of the wavelet filter at this scale is roughly 12 observations
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(12 months since samples were taken on a monthly basis; see also chapter 3).

A variance partitioning over temporal scales was performed by means of a wavelet-
ANOVA (Serroukh et al., 2000). The scale-dependent variances are in this study presented
as fractions of the total variance in the time series under investigation.

Wavelet coherence analysis was performed to investigate the association between param-
eters over time and scale (Whitcher et al., 2005). In addition, this analysis technique was
used to check the consistency of the seasonal pattern over time. This was done by comparing
the original signal (or time series) to an artificial signal that consisted of a repetition of the
average seasonality (value as a function of month) to obtain a series of the same length
as the original signal. Generally, this analysis results in a coherence and phase value per
time point and scale. The former is defined between 0 and 1, in analogy with a coefficient
of determination. The interpretation is also similar. The latter is the phase difference (an
angle) between the signals and is defined between −π and π. If the angle is −π or π the
signals are in counter-phase, a time lag of half a scale. If the angle is 0, both signals are
in phase, a time lag of zero observations. If the angle is positive the first signal leads with
respect to the second. If the angle is negative the first lags with respect to the second signal.
This principle is similar to a Fourier-based coherence analysis (Shumway and Stoffer, 2006),
except that coherence and phase values are allowed to vary over time.

The wavelet-based techniques used, do not allow missing data points the data have to
be equidistant (i.e. constant sampling frequency). The few missing observations in our time
series were filled in by values from linear interpolation between the adjacent data points
(local information). Since the number of consecutive missing values was generally limited
to two, no strong artifacts are expected from this strategy. When in doubt, a different
interpolation strategy was used with a replacement of missing values by the average of the
surrounding points on a year vs. month map of the parameter, allowing for the incorporation
of information on the seasonality in the year before and after the missing value (cf. 3.3.2).

3.3 Results

The mean DON, DOC, DIN and DIP values show that the stations can be divided into two
regions (Fig. 3.2; Tab. 3.2): the coastal zone and the open sea. DON concentrations varied
in the coastal zone between 4 µmol l−1 and 25 µmol l−1 (average 11 ± 3 µmol l−1) and
in the open sea from 1 µmol l−1 to 13 µmol l−1 (average 5 ± 1 µmol l−1). The highest
average DON concentration for the coast was found for the station NWC, halfway the Dutch
coast (12 ± 3 µmol l−1), the lowest at TC downstream (11 ± 3 µmol l−1). The differences
between the stations in the coastal domain were significant (Generalized Linear Model with
correction for short-term residual dependence by an ARMA(4,1), F = 3.05, p = 0.03). In
the open sea domain long-term averages ranged from 6 ± 1 µmol l−1 at NWO to 5 ± 1 µmol
l−1 at OG. Significant stationwise differences were not detected for the open sea.
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3. Dissolved organic nitrogen in the North Sea

A visual inspection of the time series (Fig. 3.2) reveals that the DON signal in the
coastal zone is more regular throughout the sampling period compared to the open sea.
The irregularity in the open sea and the lack of similarity in the timing of features, such
as extremes (e.g. the peak value in 2001 at NWO, compared to the peak value in 2002 at
WAO), suggest that at short time scales the stations behave independently of one another
with respect to the DON concentration. At a larger time scale, however, the common inter-
annual trends in the DON (e.g. the increase in the Terschelling transect around 2000; Fig.
3.2 right) suggest common drivers that work on a larger regional scale.

Table 3.2: DOC, DON, DIN and DIP concentrations for the individual stations for the entire
sampling period (1995-2005). All values are in µmol l−1 (mean ± sd).

Station DOC DON DIN DIP

C
o
a
st

WAC 122 ± 28 11 ± 3 25 ± 20 0.8 ± 0.5

GOC 129 ± 36 11 ± 3 30 ± 20 0.8 ± 0.5

NWC 130 ± 25 12 ± 3 40 ± 24 0.9 ± 0.5

TC 123 ± 27 11 ± 3 16 ± 15 0.5 ± 0.3

O
p

en
S

ea

WAO 73 ± 13 6 ± 2 4 ± 4 0.3 ± 0.2

NWO 78 ± 15 6 ± 1 3 ± 3 0.2 ± 0.2

TO 77 ± 14 6 ± 2 3 ± 3 0.3 ± 0.2

OG 75 ± 10 5 ± 1 2 ± 2 0.3 ± 0.2

DB 74 ± 10 5 ± 1 2 ± 2 0.2 ± 0.1

None of the stations showed a significant net decrease or increase in DON between 1995
and 2005 (Generalized Linear Models; Fig. 3.2). Over the investigated period dissolved
inorganic nitrogen concentrations decreased significantly in both the coastal zone (Mixed-
effects Model with random intercept per station, F = 42, p < 0.001) and the open sea
(Mixed-effects Model with random intercept per station, F = 10.7, p < 0.01). The yearly
averaged organic fractions of total dissolved nitrogen (TDN) increased significantly in both
the coastal zone (Mixed-effects Model with random intercept per station as random factor,
F = 5.4, p = 0.02) and the open sea (same design, F = 22.7, p < 0.001), which was mainly
attributable to the decreasing DIN values (for the coastal zone from 31.7 µmol l−1 in 1995-
1996 to 22.5 µmol l−1 in 2003-2004 and for the open sea from 3.5 µmol l−1 in 1995-1996 to
2.4 µmol l−1 in 2003-2004). The increase in the organic nitrogen fraction was particularly
clear for summer in the open sea and winter season in the coastal stations (Tab. 3.3).

The chlorophyll a (Chla) and DON values were averaged per month of the year to obtain
an average seasonal profile for each individual station (Fig. 3.3). The Chla signal exhibited
a clear bloom peak in spring (Fig. 3.3a and b), both in the coastal zone and the open sea.
But in contrast to the open sea, the coastal Chla values remained relatively high in early
summer and declined from July-August onwards (Fig. 3.3a). The open sea on the other
hand exhibited a clear second bloom peak in autumn but the Chla concentrations were low
in summer. The coastal DON concentrations peaked one month after the Chla peak, and
seemed to decline more gradually than the Chla values (Fig. 3.3c). In contrast to the coastal
zone, the DON profiles in the open sea (Fig. 3.3d) did not resemble the Chla seasonality.
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Table 3.3: Percentages of DON in TDN per year (mean ± st.dev.) for the coastal zone
and open sea in (summer = April-October; winter = November-March). The p values
are based on simple regression models of the organic fraction as function of time. The
data were log-transformed for these regressions.

Year
Summer Winter

Coast Open sea Coast Open sea
1995 46 ± 24 75 ± 18 18 ± 8 55 ± 13
1996 52 ± 18 81 ± 13 21 ± 6 47 ± 11
1997 55 ± 25 81 ± 11 18 ± 6 55 ± 14
1998 52 ± 25 81 ± 13 14 ± 5 48 ± 11
1999 54 ± 25 84 ± 12 15 ± 8 50 ± 10
2000 48 ± 25 83 ± 15 15 ± 4 45 ± 12
2001 47 ± 23 87 ± 10 19 ± 7 56 ± 20
2002 51 ± 22 87 ± 10 20 ± 5 53 ± 12
2003 65 ± 21 92 ± 3 26 ± 14 57 ± 22
2004 55 ± 26 87 ± 12 23 ± 6 58 ± 14
p value 0.07 < 0.001 < 0.001 0.02
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Figure 3.3: Seasonal profiles per station for the coastal (left) and offshore (right) DON (upper) and chloro-
phyll a (lower) based on the data from 1995-2005. The error bars represent standard deviations.
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In addition, the per-station seasonal plots of DON exhibited a high degree of similarity in
the coastal zone with relatively small standard deviation, but not in the open sea. These
patterns illustrate that in the coastal zone the DON seasonality was consistent throughout
the stations and over the years and appeared dependent on phytoplankton stocks and DOM
production (DON lags with respect to Chla). In the open sea, however, little consistency in
seasonality seemed present between the stations and throughout the measurement period.

3.3.1 Variance partitioning in Dissolved Organic Nitrogen

Spatial partitioning using a GLM approach revealed for DON a dominant variability (55
%) at the between-region level, while 38 % of the variability resided at the within-stations
level. The remaining 7 % was attributable to a between-station effect within the regions.
For DOC a similar pattern was found. Temporal variation partitioning was performed using
a per-station wavelet-ANOVA approach. The coast exhibited the same scale-dependent
variance distribution for DON and DOC signals with a major seasonal (d3) component.
The DON in the open sea showed a decreasing variance contribution with increasing scale
(Fig. 3.4), i.e. DON variability occurred predominantly at short time scales. This almost
linearly decreasing variance contribution with increasing scale level (on a log-log plot) is
a reflection of the large measurement error that results from calculating DON (= TDN -
(NH+

4 + NO−2 + NO−3 )). However, considering individual stations (Tab. 3.4) quite some
deviation from this average straight line (Fig. 3.4) are apparent. The variance fractions
in DOC were very similar in both regions with the majority of the variability residing in
the d3 component (seasonality). The variance partitioning illustrated a clear dominance of
intra-annual variation over interannual variation (Tab. 3.4), corroborating the absence of a
long-term trend.

The discharge from the river Rhine was investigated for its impact on the seasonality in
DON in the coastal stations. The DON concentration at Brienenoord (35 km upstream in
the Rotterdam New Channel, which is the main discharge route for the Rhine) exhibited
some seasonal variation with an absolute maximum in March-April and a second lower
local maximum in September-October. Using the discharge values from near the mouth
(Maassluis) and the DON concentrations at Brienenoord, the DON load to the coastal zone
was calculated. A marine influence in the DON load is thus avoided by using DON data
from the end of the freshwater part. The DON load exhibited a similar seasonality to the
DON concentration at Brienenoord, except that the local peak in September-October was
absent. A wavelet coherence analysis pointed out a relatively large coherence at the seasonal
scale (0.68) between DON in NWC and the DON load from the New Channel until 1998.
Thereafter the coherence decreased to virtually zero. A cross-correlation analysis of the data
from 1995 until 1998 (the period of high coherence) revealed a time lag of 4-5 months. A
positive significant linear relationship (simple regression, F1,42 = 7.7, p < 0.01) was found
between the DON load and the DON concentration at NWC, lagging by 4 months, but the
coefficient of determination was only 15.5 %. As expected from the coherence analysis, no
significant relationship was found after 1998. This was attributable to a reduced seasonal
variability and more irregularity in the DON load (data not shown).
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Figure 3.4: Percentages of the total variance per scale
level for the DON series from the coastal (triangles,
solid line) and offshore stations (diamonds, dashed
line).
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Table 3.4: For each scale the percentages of the total variance in the respective DON and DOC
time series. The averages and standard deviations per region are for DON plotted in figure.

Station Fine scale

(d1)

Half-year

(d2)

Seasonal

(d3)

Year-to-year

(d4)

Inter-annual

(s4)

D
O

N

co
a
st

WAC 26 25 36 6 7

GOC 23 20 40 7 10

NWC 19 25 42 8 6

TC 17 22 34 15 12

o
p

en
se

a

WAO 34 31 15 7 13

NWO 40 22 22 5 10

TO 45 30 16 4 5

OG 37 25 10 9 20

DB 29 29 19 12 10

D
O

C

co
a
st

WAC 19 28 39 8 6

GOC 22 19 50 8 1

NWC 17 25 49 8 2

TC 14 23 50 9 5

o
p

en
se

a

WAO 19 25 46 8 3

NWO 19 24 41 9 6

TO 21 30 34 4 10

OG 18 26 34 7 16

DB 15 21 45 6 13

3.3.2 Consistency of seasonality

Coherency analyses were performed between the DON concentrations (Fig. 3.2) and their
average seasonality (Fig. 3.3) to further assess the consistency and/or year-to-year devia-
tions from this average seasonality. Coherence of coastal DON signals with their average
seasonal profile was high (median-values in the half-yearly and seasonal scale 0.39 and 0.84
resp.) corroborating the strength of the average seasonal profile as a descriptor.
In the open sea coherence between the average seasonal pattern and DON signals was rel-
atively low at the seasonal scale (d3) and generally even lower at the half-yearly (d2) scale
(median-values of 0.56 and 0.17 resp.), supporting our earlier findings from the station-
specific seasonal profiles (see Fig. 3.3).

Coherency at the DB station (located on the Dogger Bank) was at the seasonal (d3)
scale very high between 1997 and 2005, except for the year 1999 when a phase shift of
half a cycle occurred (Fig. 3.5b). This phase shift was only found in the seasonal scale
(d3) at this station. Unfortunately, the data set contains only one station at the Dogger
Bank, which complicates independent verification. Neither TDN, nor any other nitrogen
component exhibited a similar shift in our analyses (data not shown).

Figure 3.5 shows DON data at Dogger Bank with indication of the missing values, the
result of the coherence analysis (only the seasonal scale is shown) and the seasonal distri-
bution of DON prior and post 1999. The ecological interpretation of the phase shift in 1999
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is obvious from the lower graph; Before 1999 (Fig. 3.5c) DON started to build up from
April onwards (well within the spring bloom) and reached maxima in summer. After 1999
(Fig.3.5d) DON accumulated earlier, reached a maximum around March-April and then
decreased to a minimum during summer.

The abrupt nature of the phase shift could in principle be attributable to the imputation
of missing values in 1999 (Fig. 3.5a). However, the frequency and timing of the missing
values were equal for all stations of the Terschelling transect, and none of the other stations
showed a similar phase shift. Consequently, it is unlikely that the pattern at the Dogger Bank
is due to missing values. Moreover, we used two different strategies to correct for missing
observations. The first was a simple linear interpolation. The second strategy consisted
of incorporating information on the seasonality in the year before and after the missing
value. The missing value was then replaced by the average of the values surrounding the
missing observation in a month-year map of the observations. Both strategies gave similar
results, showing that the imputation method had no influence on the results of the coherence
analysis. Because the signal is so strong in both periods (prior and post 1999) and does not
depend on the presence or absence of missing data, and because the pattern is visible in the
DON concentration data after the appropriate subdivision in time intervals, we believe that
the pattern is genuine.

The DIN components were investigated to gain more insight in the nitrogen cycling at
the Dogger Bank station (DB). No significant correlations existed between DON and NO−3 ,
NH+

4 , or total DIN concentrations. Over the long term NH+
4 decreased strongly at the

Dogger Bank (and in the other offshore stations). Nitrate showed a tendency to decrease
but this was less pronounced because winter values fluctuated throughout the years with
a periodicity of around 4-5 years (data not shown). The concentration during the spring
bloom (March-May), however, showed clear decreases at DB (Linear mixed-effects model
with random month-effect, T = -3.34, p < 0.01). The number of months that concentrations
fell below the detection limit (0.21 µmol l−1 for individual DIN components) increased
throughout the period for all DIN components, but particularly for NH+

4 from 1999 onwards
(Fig. 3.6). Chlorophyll concentrations did not show any long-term trend, but high yearly
averages occurred in 2000 and 2001 (1.9 ± 2.5 and 2.2 ± 2.6, respectively; mean ± sd; data
not shown).
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Figure 3.5: (a.) Time series of DON at DB (Dogger
Bank). Interpolated values due to missingness are in-
dicated by the open circles. (b.) Wavelet coherency
(gray area; left axis) and phase difference (black dotted
line; right axis) between the DON signal and its aver-
age seasonal profile as a function of time. (c. and d.)
DON concentrations per month for the period before
2000 and from 2000 onwards with the global seasonal
trend indicated by a spline smoother.

3.4 Discussion

Long-term records of inorganic nutrients have received considerable attention in the scientific
literature as well as in policy and management. This is particularly true in the North Sea
area because of its semi-enclosed nature and the high riverine nutrient inputs. The long-
term inorganic nutrient record of the rivers and estuaries of the Scheldt (Soetaert et al.,
2006; Billen et al., 2005), Rhine (de Jonge, 1997; van der Weĳden and Middelburg, 1989;
Nienhuis, 1992), Ems-Dollard (van der Veer et al., 1989; Essink, 2003) have been studied in
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detail revealing increasing concentrations of N and P in the fifties to seventies and decreasing
concentrations during the last two decades. The long-term evolution of inorganic nutrient
concentrations in coastal waters of the North Sea area have been investigated in detail as
well: Belgian Coastal Zone (Lacroix et al., 2004, 2007), Dutch coastal zone and Waddenzee
(Cadée and Hegeman, 2002; van Beusekom and de Jonge, 2002; Philippart et al., 2007). De
Vries and co-workers (1998) investigated the long-term record of the open North Sea based
on the DONAR data set and compared model predictions with observations.
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Figure 3.6: The number of months per year that the
concentrations of ammonium and nitrate at the Dog-
ger Bank (DB) remained below the detection limit.

Although DON contributed on average between 20 and 90 % (Tab. 3.3) to the TDN
concentration, far less attention has been paid to this pool. This is problematic since DIN
and DON pools are not separate entities because of intensive recycling via assimilation and
regeneration processes involving prokaryotes and eukaryotes (Butler et al., 1979; Bronk,
2002). Moreover, atmospheric deposition results in significant anthropogenic organic nitro-
gen inputs (Jickells, 1995; Neff et al., 2002).

The North Sea was among the first systems to be investigated for DON distribution
patterns (Tab. 3.5). Duursma (1961) was the first to analyze and report DON dynamics for
a coastal station near the light vessel ‘Texel’ (53°1’N, 4°21’E), off the coast of the barrier
island Texel, during the late 50-ies. Butler et al. (1979) reported DON dynamics and
concentrations based on 9 years of data from the English Channel. De Galan et al. (2004)
presented DON data for the Belgian Continental Shelf (BCS) from 1993-2000. More recently,
van der Zee and Chou (2005), Badr et al. (2008), and Suratman et al. (2008) presented
data for the 21st century but for a restricted number of years (Tab. 3.5). Our study adds
significantly to this small, but increasing data set by presenting a medium to long-term
study on dissolved organic nitrogen in the Dutch section of the North Sea.

Our data are largely consistent with those previous studies in the North Sea area and
literature information for coastal systems in general. Bronk (2002) compiled existing litera-
ture and reported an average of 9.9 ± 8.1 µmol l−1 for coastal and continental shelf systems,
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3. Dissolved organic nitrogen in the North Sea

consistent with averages of 11.1 and 5.3 µmol l−1 for our coastal and open sea stations, re-
spectively. Duursma (1961) reported DON concentrations between 5.8 and 12.4 µmol l−1 for
a coastal station near Texel. Butler et al. (1979) reported DON values for the English Chan-
nel varying from 4.5 to 10.1 µmol l−1. For waters of the Belgian continental shelf (BCS),
De Galan et al. (2004) reported mean concentrations of 20.9 and 15.2 µmol l−1 for coastal
waters with salinities higher and lower than 33, respectively. Their higher values are most
likely attributable the strong influence of the nutrient-rich Scheldt estuary and its plume on
the BCS. In addition, they used microwave-based destruction of TDN (Dafner et al., 1999),
whereas combined persulphate-UV destruction was used in the Dutch monitoring (Koroleff,
1983). Our average DON percentages in TDN were in good agreement with those reported
by De Galan et al. (2004) for the corresponding time interval. Suratman et al. (2008)
reported DON concentrations for the British section of the North Sea adjacent to our study
area and reported values between 4.2 and 8.9 µmol l−1, again consistent with our data for
the open sea (Tab. 3.2). This consistency in DON concentration levels between studies
covering different parts of the North Sea and over a number of decades suggest that DON
concentrations have experienced little if any changes, except for the coastal zone directly
under influence of riverine inputs.

No net changes (secular trends) in DON concentrations throughout the measurement
period (1995-2005) could be detected. On scales of a few years variation was apparent, but
most of the temporal variability was situated at intra-annual scales (Tab. 3.4). The DIN
concentrations, however, showed marked decreases, and consequently the organic fraction of
TDN on average increased significantly in coastal and open waters of the North Sea. This
was most pronounced during summer in the open sea, but was also observed during winter
at most locations. At southern coastal stations WAC and GOC DON fractions initially
decreased during winter (data not shown), corroborating the decreasing tendencies in the
DON fraction in Belgian coastal waters between 1993-2000 (De Galan et al., 2004). DIN
decreases have been repeatedly reported for estuaries (Soetaert et al., 2006; Billen et al.,
2005), but less often for the coastal North Sea. De Vries et al. (1998) found significant
decreases in DIN concentrations for the DCS, but De Galan et al. (2004) found no trend in
total DIN for the Belgian coastal zone. McQuatters-Gollop et al. (2007) reported decreases
in total nitrogen in the coastal North Sea between 1980 and 2000 as well; no distinction was
made between DIN and DON. Loebl et al. (2009) found indications for nitrogen limitation
(co-limitation with light) at stations from the NW transect (during small distinct periods
at the coast, but more or less each year from 1998 until 2004). Peeters and Peperzak (1990)
also demonstrated a predominant potential nitrogen limitation in the open southern North
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Table 3.5: Study sites, sampling periods and sampling intervals of the DON related studies that were referred to in this work.

Study Location Period Sampling

interval

Badr et al. (2008) Yealm and Plym estuaries,

England

Feb 2002−Sep 2003 monthly

Banoub & Williams (1973) English Channel 1968 monthly

Brockmann & Kattner (1997) North Sea May−Jun 1986/Jan−Mar 1987 2 campaigns

Butler et al. 1979 English Channel 1969−1977 monthly

De Galan et al. (2004) Belgian Continental Shelf Jul 1997−Oct 2000 3-monthly

Duursma (1961) Light vessel ‘Texel’,

Dutch Continental Shelf

Jun 1958−May 1959 2-weekly

Glibert et al. (2007) Chincoteague Bay,

Maryland, USA

1996−2004 monthly

Hansell & Carlson (2001) Bermuda Atlantic Time-Series site,

Sargasso Sea

1994−1998 monthly

Karl et al. (2001) Station ALOHA,

central Pacific Ocean

Oct 1988−Dec 1997 monthly

Knapp et al. (2005) Bermuda Atlantic Time-Series site,

Sargasso Sea

Mar 2000−May 2001 monthly

Suratman et al. (2008) East Coast of UK

-central North Sea

autumn 2004−summer 2005 3-monthly

van der Zee & Chou (2005) Belgian Continental Shelf September 2002−December 2003 monthly
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Sea in their bio-assays from 1988, particularly in summer. The increasing DON to TDN
ratio suggest that DON becomes more important as nutrient for algae and bacteria, and
that more knowledge on DON dynamics is required to fully comprehend the N-cycle in this
area.

Our wavelet-based variance partitioning showed distinct scalewise distribution patterns
of DON and DOC. Whereas the coastal stations showed pronounced seasonality for both
DON and DOC (i.e. a dominance of the d3 wavelet variance), only DOC exhibited a clear
seasonal cycle in the open sea (Tab. 3.4). DON in open sea showed temporal variability
predominantly at finer scales (Fig. 3.4, Tab. 3.4).

A number of other studies have considered seasonality in DON, but there appears to
be no simple systematic among them. Duursma (1961) investigated a coastal station near
Texel in the 50-ies and found a seasonal pattern similar to ours for coastal stations. Banoub
and Williams (1973) documented a seasonal cycle at a site in the English Channel for 1968,
similar to findings by van der Zee and Chou (2005) for the BCS in 2002-2003: high values
in early spring and decreasing values throughout summer. De Galan et al. (2004), however,
reported for the same area an absence of a clear seasonal DON cycle for the period 1993-2000.
But in the latter study samplings were performed only three to four times per year for four
years, which would be insufficient clearly separate seasonality from other variability in their
data. A consistent seasonal signal was found by Butler and co-workers (1979) for a coastal
station in the English Channel, but maximal concentrations were reached only in August in
their study, whereas the Dutch coastal stations exhibited maxima around April-May (Fig.
3.3). Williams (1995) made a meta-analysis of DOC and DON dynamics in coastal systems
and reported high variability in the seasonality of DON. Nevertheless, Glibert and co-workers
(2007) reported a consistent seasonality of DON in Chincoteague Bay (Maryland, USA) with
increasing values towards July-September followed by a decrease towards January. It should
be noted that the latter study and the Butler et al. study in the Channel area were the
only investigations of seasonality based on long-term data sets. Comparing the seasonal
profiles from Banoub and Williams (1973; data from 1968 only) with those from Butler
et al. (1979) for the same region, it is clear that the seasonality in DON may be subject
to change as we observed in this study in the Dogger Bank. This further emphasizes the
need for rigorous monitoring to accurately describe the spatial and temporal consistency of
ecological patterns. We have not been able to find studies on DON in the open North Sea.
Suratman et al. (2008) reported seasonal DON data for coastal and open sea stations in the
western part of the North Sea. The seasonal amplitude was comparable with our coastal
stations, but with the highest values occurring in winter and lowest in summer. Open ocean
studies at the BATS-station (North Atlantic Ocean; Hansell and Carlson (2001); Knapp
et al. (2005)) and ALOHA-station (North Pacific Ocean; Karl et al. (2001)) revealed an
absence or very low (undetectable) seasonal component in the DON variability, consistent
with our findings for open North Sea stations (Fig. 3.3).

From a mechanistic point of view, the difference in strength of the seasonality between
the coastal zone and the open sea at the DCS can most likely be attributed to difference
in the contributions of transport fluxes and metabolic fluxes in and out of the DON pool;
The Dutch coastal zone is heavily influenced by river discharge, particularly from the Rhine
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(e.g. Cadée and Hegeman (1993)). While some seasonality was found in the riverine DON
concentrations and loads, it only explained 16 % of the variability in the coastal station
downstream along the northward coastal current (NWC). It is difficult to assess the exact
contribution to the seasonal variation in the coastal zone, which would require extra modeling
of the physical transport to the stations that were investigated here. But this would lead
to far for this study. Beside the physical transport from the rivers, a buildup of DON
throughout the growth season, followed by a period of remineralization at the end of the
year could (partially) account for the consistent seasonal trend that was found in the coastal
zone, as well. This was supported by the close agreement and 1-month time lag between the
coastal chlorophyll a concentration and the DON concentration, which suggests a production
during the bloom and a subsequent removal by remineralization and/or transport (Fig. 3.3).
If however remineralization by bacteria or direct uptake of DON by algae becomes crucial for
providing sufficient nutrients for plankton throughout the growing season (as expected for
the open sea), a more erratic behavior lacking a large buildup could be expected. Both the
on average lower concentration and the erratic seasonality indicate that DON was utilized
by algae and/or bacteria in the nitrogen poor (Fig. 3.6) open North Sea stations. This is
corroborated in figure 3.6, where we have plotted the number of months that NH+

4 and NO−3
were depleted (undetectable). From this graph it is clear that the period of NO−3 depletion
has increased over the time period. From 1999 on we observe significant NH+

4 depletion as
well.

DOC exhibited seasonal variability in both the coastal zone and open sea, possibly
because of the more refractory nature of this pool. Primary producers generally require
DIC for carbon supply, rather than DOC through heterotrophic uptake. Although uptake
of certain organic molecules is possible (see Bronk et al. (2007) and references therein), it
is likely that organic nitrogen is selectively removed from the less useful carbon skeleton
(Palenik and Morel, 1991). This would render different proportions of the DOC and DON
pool more or less refractory, ultimately leading to differential turnover times (i.e. rates).
This could explain the differential distribution of variance over scales for DOC relative to
DON (Tab. 3.4). Whereas the DOC builds up in the water column throughout the season to
be remineralized once all the phytoplankton activity has decreased, the DON is constantly
efficiently recycled by the microbial community thus preventing buildup on a larger seasonal
scale.

Although the amount of variation was relatively low, the site on the Dogger Bank (DB)
showed initially a DON seasonality with high concentrations in late-summer and low DON
in winter (Fig. 3.5). This changed to high spring concentrations and low summer con-
centrations in a time span of two years (1998-2000). Considering the decline in dissolved
inorganic nitrogen and the increase in number of months with inorganic nitrogen depletion,
an increased recycling pathway of DON could be responsible for this pattern. Despite the
decrease in dissolved inorganic phosphate (DIP), the DIN/DIP ratio decreased through-
out the period from 6.9 to 3.8 (unpublished data), indicating a potentially severe nitrogen
limitation. Loebl et al. (2009) found indications of nitrogen-light co-limitation at NWO
from 1998 onwards. It is possible that this limitation pattern is stronger towards the central
North Sea, due to the larger distance from riverine nitrogen sources. Baretta-Bekker and co-
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workers (2009) also reported strong changes in the phytoplankton community composition
of the North Sea station that were used in this study. At the Dogger Bank dinoflagellates
increased quite abruptly from 1999 to 2000, while flagellates and Phaeocystis sp. decreased
over a roughly two years time towards 1999 (Baretta-Bekker, pers. comm.). Dinoflagellates
and flagellates have often been associated with DON dynamics (Berg et al. (2003); Palenik
and Morel (1990b); Stoecker and Gustafson (2003); Mulholland et al. (2004); Glibert et al.
(2006), 2007). Whether there exists a cause-effect relationship between the DON dynamics
and the community structure is difficult to prove, but the similarity in timing is rather strik-
ing. And, if we can assume a direct link, the direction of the link is not clear, considering
that dinoflagellates and Phaeocystis are known to produce DOM (e.g. HAB toxins and foam
after the Phaeocystis bloom) and to consume DOM (Berg et al., 1997; Mulholland et al.,
2004). Although the decline in inorganic N/P ratio was gradual, the sudden shift in commu-
nity composition could indicate a threshold effect. Note that Weĳerman et al. (2005) also
found indications of a region wide regime shift around 1998. Stronger recycling of organic
substances was also invoked by McQuatters-Gollop and co-workers (2007) to explain the
higher productivity under lower nutrient conditions in the contemporary North Sea.

Considering the small fraction of DON variability in the seasonal scale (d3), it is not
surprising that this is not clearly visible in the DON time series plot. Although the quanti-
tative importance of the seasonal scale in the overall variability in DON at Dogger Bank is
limited, the shift can be qualitatively important.

Brockmann and Kattner (1997; Fig.3.3) reported slightly higher average DON values
in the summer of 1986 than in following winter for the Dogger Bank region but the dif-
ferences were small. However, Suratman et al. (2008) reported significantly lower summer
concentrations than winter concentrations in 2004-2005 north of the Dogger Bank. These
two papers are consistent with our findings on the Dogger Bank, but they did not report on
the temporal stability of their seasonal patterns.

To our knowledge, this is the first study to investigate the temporal variability in DON in
the North Sea. We have used 10 years of DON measurement data with a monthly sampling
frequency, which allowed us to assess the seasonal consistency and multi-year variability
in a part of the southern North Sea. Our study showed that the coastal DON dynamics
fundamentally differ from those in the open sea, most likely due to the input of nutrients
from the rivers, which are hypothesized to regulate nitrogen regeneration (effluxes from the
DON pool). In addition, from combined time scale analyses it was clear that the mode
of intra-annual variation can change over time. This emphasizes the need for rigorous
monitoring on at least a monthly basis, and for the application of appropriate time series
analysis techniques.

The wavelet variance analysis illustrated that the variability in the open sea is predom-
inantly present in the finest temporal scales at our disposal. To fully grasp this variability
and assess its statistical and ecological significance we would probably need higher sampling
frequencies. This also follows from the numerous results in the literature on DON uptake in
a matter of hours. The same applies to the spatial component of the variability. We were
not able to correct for horizontal transport effects because these data were lacking. It is
very likely that by using higher sampling frequencies, the uncertainty due to physical (pre-
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dominantly wind-driven) transport would be reduced. In addition, although the variability
at the between-station level was minimal, the patterns in the open sea were so distinctly
different between the stations that a coherent picture in the spatial sense was not feasible.
Considering the stability of typical hydrographic structures, such as East-Anglian plume
(Weston et al., 2004), and the strong influence of rivers, extension of the spatial sampling
pattern to include a good coverage of these structures is desirable. As the monthly sam-
pling continues, it will become feasible to put the dissolved organic parameters against a
climatological background.

3.5 Conclusion

This study has provided evidence for systematic variability in DON that can be understood
in the light of nitrogen acquisition from this complex pool. This stresses the need to consider
DON as a separate ecosystem component that should be monitored on a regular basis and
included as such in eutrophication modeling. In addition, the use of appropriate time series
analysis techniques is highlighted.
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4. Potential uptake of dissolved

organic matter by seagrasses

and macroalgae

Van Engeland T., T. J. Bouma, E. P. Morris, F. G. Brun, G. Peralta, M. Lara, I. E.

Hendriks, K. Soetaert & J. J. Middelburg. (In prep.)

Abstract - Dissolved organic nitrogen (DON) acts as a large storage reservoir of nitrogen.

Whereas DON utilization is common in the microbial community, little is known about DON uti-

lization by macrophytes. We investigated the ability of two coexisting temperate seagrasses (Zostera

noltii and Cymodocea nodosa) and a macroalga (Caulerpa prolifera) to take up nitrogen and carbon

from small organic compounds of different complexities (urea, glycine, L-leucine, and L-phenylalanine)

and from DON derived from algal and bacterial cultures (substrates with a complex composition).

In addition to inorganic nitrogen, which was the preferred source, nitrogen from small organic com-

pounds could be taken up in considerable amounts by all macrophytes. Preference for urea and

individual amino acids was related to the substrate’s structural complexity and/or C/N-ratio. The

spectrum of compounds taken up by the aboveground tissue differed from that of the belowground

tissue. No clear relationship between carbon and nitrogen uptake from small organic compounds was

found. Uptake of algae-derived organic nitrogen was of the same order of magnitude as inorganic

nitrogen, and was preferred over bacteria-derived nitrogen. This study demonstrates that aquatic

macrophytes can take up significant quantities of nitrogen from a the DON reservoir within a mat-

ter of hours, suggesting that DON cycling must play an important role in these highly productive

systems.
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4.1 Introduction

Seagrass ecosystems are highly productive and exhibit a strong nutrient retention capacity
(Stapel et al., 2001). The affinities and uptake rates of seagrasses for dissolved inorganic
nitrogen (DIN) are high (Stapel et al., 1996), keeping ambient DIN concentrations low and
potentially limiting (Bulthuis et al., 1992). Efficient nutrient recycling then represents a vital
ecosystem function (Boon et al., 1986; Ziegler and Benner, 1999b). Two major ecological
pathways exist for the supply of regenerated nitrogen to primary producers: (1) DIN uptake
after remineralization of dissolved organic matter, and (2) direct uptake of dissolved organic
nitrogen (DON; Palenik and Morel, 1991; Berg et al., 1997; Stoecker and Gustafson, 2003).
Regardless of which pathway is the more important, DON occupies a central position in the
nitrogen recycling process, since it also represents the largest pool of fixed nitrogen which
is directly or indirectly accessible (Bronk, 2002).

Dissolved organic matter (DOM) utilization is widespread in microbes and primary pro-
ducers. Traditionally, DOM is regarded as a nutrient and energy source for heterotrophic
bacteria, which represent a major sink for DON, not only via bacterial growth but also
remineralization (Seitzinger and Sanders, 1997; Kerner and Spitzy, 2001). Many phyto-
plankton taxa, particularly dinoflagellates and pelagophytes are also able to use organic
nitrogen (Admiraal et al., 1987; Palenik and Morel, 1990a; Berg et al., 2002). Urease activ-
ity appears widespread in microalgae (Solomon and Glibert, 2008), and some phytoplank-
ton species exhibit proteolytic activity (Stoecker and Gustafson, 2003), amino acid uptake
and/or amino acid oxidation (Mulholland et al., 2002). DON uptake has also been demon-
strated in macroalgae. Urea uptake occurs in several seaweeds (Phillips and Hurd, 2003;
Tyler et al., 2001). Tarutani et al. (2004) also observed autonomous uptake of amino acid
nitrogen without bacterial intervention by Ulva pertusa. Tyler et al. (2005) investigated
amino acid utilization in Ulva lactuca and Gracilaria vermiculophylla, and found different
modes of uptake depending on the species and amino acid.

Whereas some information on DON uptake in macroalgae exists, virtually nothing is
known about the uptake of DON by seagrasses. Bird et al. (1998) illustrated the axenic
growth of Halophila decipiens on glutamic acid as sole nitrogen source. But until recently
small organic compounds were not even considered as a direct nutrient source for seagrasses
(Romero et al., 2006). Uptake of detritus-derived compounds by seagrasses has, however,
been demonstrated by Brun et al. (2003), Evrard et al. (2005), and Barron et al. (2006).
Although these studies did not indisputably show that the DOM was taken up as such
without prior remineralization, they did illustrate the availability of organic nitrogen (or
carbon) to primary producers in a matter of hours to days. Vonk et al. (2008) recently
demonstrated significant nitrogen uptake of amino acid mixtures and urea in several tropical
seagrasses. These few available studies clearly indicate that DON is a potentially important
source of nitrogen in seagrass systems but at the same time remains a little understood
aspect of seagrass nutrition.

To increase our understanding of nitrogen cycling and the role of DON uptake within
seagrass meadows, we addressed the following questions: (1) Are macrophytes able to take
up significant amounts of specific organic compounds? (2) What is the magnitude of up-
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take of N from a composed DON pool (a semi-natural pool consisting of different types of
compounds, such as urea, amino acids, purines, ....) when compared to DIN or uptake of
individual compounds? (3) Is there an influence of compound complexity on organic ni-
trogen uptake? (4) How does the substrate spectrum of leaf-mediated uptake differ from
that of root-mediated uptake. (5) Is there a concurrent uptake of the organic carbon? To
address these questions, we conducted a laboratory experiment in which we measured the
potential uptake of dissolved organic matter by three macrophyte species Zostera noltii,
Cymodocea nodosa, and Caulerpa prolifera. Separate incubations of aboveground and be-
lowground plant parts with 13C and 15N double-labeled organic substrates of differential
complexity were used to investigate organic carbon and nitrogen uptake.

4.2 Materials & Methods

4.2.1 Experimental setup

Specimens of Zostera noltii Hornem, Cymodocea nodosa Ucria (Ascherson), and Caulerpa

prolifera (Forsskål) J. V. Lamouroux were collected in the field near Santibañez (36°28’12.79”N,
6°15’7.07”W; Càdiz, Spain) and immediately brought to the laboratory. Epiphytes were re-
moved from the macrophyte leaves by gently scraping with a razor blade. Filtered water
(GF/F filter, Whatman) from the same location was used as incubation medium. Note that
a GF/F filter retains a part of the bacterial community but not all bacteria. The incuba-
tions were performed in a climate-controlled room. Macrophytes were left intact with their
aboveground and belowground parts in separate plastic cups (123 ml). Cups were filled
almost to the top so as to minimize local desiccation of the plants where they protruded out
of the water, while care was taken to prevent mixing of water between cups via capillary
effects or spilling (Fig. 4.1). Inorganic and organic compounds of various complexities were
added either to the ‘aboveground’ cup or to the ‘belowground’ cup at final concentrations
indicated in table 4.1. Plants were incubated for approximately 3 hours in a three-way full-
cross design with 3 species, 8 substrates, 2 plant parts (aboveground vs. belowground), and
3 replicates. The water in the cups was stirred constantly to prevent local depletion and
the buildup of concentration gradients. To avoid experimental artifacts, concentrations were
kept at realistically low levels as expected for the ambient concentrations (Tab. 4.1). Due to
small volume of the cups this means that the substrate could have been depleted during the
experiment. However, regarding the objective of determining if macrophytes could take up
DON of different complexities under realistic conditions rather than quantifying the uptake
kinetics, this was not a problem. After incubation the plants were rinsed with clean filtered
seawater, dabbed with paper tissue, dissected, and stored at -20°C until they were freeze
dried, weighed and ground to a fine powder in the laboratory. C. nodosa leaves, sheaths, rhi-
zome, and roots were processed separately. No such separation was possible for the Z. noltii

specimens because of the lower biomass per plant compared to the other macrophytes. The
Z. noltii plants were dissected into an aboveground part further referred to as ‘leaves’, and
a belowground part further referred to as ‘roots’ for simplicity. The C. prolifera individuals
were dissected into three parts: the assimilators (from now on referred to as ‘leaves’), the
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stolons, and the rhizoids (from now on referred to as ‘roots’ for simplicity). The sheaths of
the C. nodosa specimens and the stolons of the C. prolifera specimens were not analyzed,
because no clear distinction was possible between the part in the ‘aboveground’ cup and the
part in the ‘belowground’ cup.

su
b
st

ra
te

su
b
st

ra
te

x 3 species

x 8 substrates

x 3 replicates

Figure 4.1: Incubation of macrophytes in cups. Root and leaf incubations were performed separately.

4.2.2 Inorganic and organic substrates

Ammonium and NO−3 served as reference because a large body of literature exists describing
their uptake kinetics by a variety of marine macrophytes. Urea and the amino acids glycine,
L-leucine and L-phenylalanine were used as small organic nitrogen sources with increasing
complexity; Glycine is a fairly simple achiral amino acid with hydrogen as R-group. Leucine
is more complex and chiral with an iso-butyl group on the α-carbon. Phenylalanine has a
benzene-like ring (phenyl) as R-group, which is considered chemically very stable (resistant
to degradation). In addition, the C/N ratio of these amino acids also increases from glycine
(2) to L-leucine (6) to L-phenylalanine (9). Finally, two composed DOM pools were used
to mimic complex DON from the environment (see section 4.2.3). Both the nitrogen and
carbon were present as the heavy isotope in the organic substrates (Tab. 4.1), thus enabling
us to study the potential coupling of carbon and nitrogen uptake. Moreover, the use of
isotope tracers allowed us to investigate uptake at nitrogen concentrations similar to these
found in natural systems.

4.2.3 Preparation of algae and bacteria-derived DOM

Two complex pools of dissolved organic matter were created, one from a culture of soil
bacteria grown on 13C-glucose and 15NH4Cl, and one from an axenic culture of Skeletonema
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Table 4.1: The substrates (Cambridge Isotope Laboratories) used for this experiment, their final concentrations in the incubations,
and the chemical structure of the small organics. The substrates marked by a * are only used in the DOM preparation.

Code Name Labeling concentration (µM-N) structure
CLM-441-5 NaHCO3 (13C, 99%) *
NLM-467-5 NH4Cl (15N , 99%) 1
NLM-157-1 NaNO3 (15N , 98%) 1

CNLM-234-0.5 Urea (13C, 99%; 15N2, 98%) 2
NH2

CO

NH2

CNLM-1973-0.25 Glycine (U13C2, 98%; 15N , 98%) 0.1
OH

O

NH2

CNLM-281-0.1 L-Leucine (SILAC) (U13C6, 98%; 15N , 98%) 0.1
OH

O

NH2

CNLM-575-0.25 L-Phenylalanine (U13C9, 98%; 15N , 98%) 0.1
OH

O
NH2

CLM-1396-10 D-Glucose (U13C6, 99%) *
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costatum grown on NaH13CO3 and Na15NO3 using a modified protocol from Miller (1972).
After incubation, the cells were freeze dried. The biological material was added to 10 ml of
milli-Q water and shaken for 48 hours at room temperature after addition of Devarda’s alloy
and MgO to remove inorganic nitrogen. The supernatants were collected after centrifugation,
and diluted to 20 ml. These substances were frozen at -20°C until further use.

The DON concentrations in the algae-derived and bacteria-derived substrates were 14.6
mmol-N l−1 and 19.3 mmol-N l−1 with a 15N atom percentage of 66% and 46 % respectively.
The DOC concentrations were 124 mmol-C l−1 and 690 mmol-C l−1, with a 13C atom
percentage of 8% and 46% respectively. Hence, after addition to the incubation medium,
DON concentrations were 0.5 µmol-N l−1 and 6.7 µmol-N l−1 for algae-derived and bacteria-
derived DOM respectively, and DOC concentrations were 4.3 µmol-C l−1 and 24 µmol-C
l−1 respectively.

Note that the eventual DON pools in the incubations are a mixture of DON from various
autotrophic and heterotrophic origins (which was already present in the incubation medium)
with most likely a tasty donut fraction that is mainly in the added fresh DON (algal DON in
one set of incubations, bacterial DON in another). Dissolved combined amino acids (DCAA)
comprised 84 ± 24 % and 47 ± 11 % of the DON and 34 ± 11 % and 46 ± 12 % of the
DOC in the algae and bacteria-derived substrates respectively. L-alanine and L-leucine were
dominant in the DCAA fraction of DON substrates (Fig. 4.2a.). The free amino acid (FAA)
fraction in total hydrolysable amino acids (THAA) was for algae-derived DON dominated
by L-arginine and by L-glutamate (Fig. 4.2b).

4.2.4 Stable isotope and nutrient measurements

Dissolved inorganic nitrogen concentrations (DIN = NH+
4 + NO−2 + NO−3 ), urea and in-

organic phosphate (DIP) were determined colorimetrically in filtered incubation medium
(GF/F filter; Whatman; Middelburg and Nieuwenhuize (2000)). DON was calculated as
the difference between total dissolved nitrogen (TDN), determined as NO−3 after a alkaline
persulphate destruction (Grasshoff et al., 1999), and DIN. Dissolved organic carbon (DOC)
concentrations were measured with an auto-analyzer (Skalar SK12 organic carbon analyzer)
after filtering the water over a GF/6 filter (Whatman). Dissolved free amino acids (DFAA)
were determined prior to hydrolysis by HPLC on a Waters HPLC system with a 996 pho-
todiode array detector (Fitznar et al., 1999), total hydrolysable amino acids (THAA) post
hydrolysis, and dissolved combined amino acids by difference (DCAA = THAA - DFAA).

Bulk carbon and nitrogen content and relative abundances of 13C and 15N in the plant
tissue and the concentrated DON substrates were measured using a Thermo EA 1112 ele-
mental analyzer coupled to a Thermo Delta V Advantage isotope ratio mass spectrometer
with a Conflo II interface (EA-IRMS; Vonk et al. (2008)). Concentrations and relative
abundances of 13C and 15N for the amino acids in the DON concentrates were analyzed by
gas chromatography-combustion-isotope ratio mass spectrometry (GC-c-IRMS) using a HP
6890 GC with a Thermo type III combustion interface and Thermo Delta Plus IRMS.
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Figure 4.2: Percentages of the dissolved combined amino acids
(DCAA) in the DON (a.) and percentages of free amino acids
(FAA) in total hydrolysable amino acids (THAA) in terms of ni-
trogen for bacteria-derived and algae-derived DON.

4.2.5 Data treatment

Due to the wide range of labeling intensities our calculations were based on isotope fractions
(F

15N and F
13C) instead of δ-values (Fry, 2006). Isotope excesses were calculated as the

difference between the isotope fraction in the sample and the natural abundance:

Esample = Fsample − Fnat.ab.

Significance of the N and C uptake was tested as the difference between Fsample and Fnat.ab
using the t-statistics of a generalized weighted least-squares model in the statistical package
R (R Development Core Team, 2009). Significance of an overall treatment effect was checked
using the F-statistic of this model. All tests were done at the 5 %-significance level. Specific
uptake rates of heavy isotope V were calculated as the quotient:

V = POM ×Esample/(T ime× dryweight),

(where POM is organic matter content in terms of carbon or nitrogen) expressed in µmol
(13C or 15N) mgDW−1 h−1. Corrections for differential substrate concentrations were ac-
complished by dividing V by the substrate concentration in terms of nitrogen or carbon
added (converted to percentages figs. 4.4 and 4.5):

%V = 100× V /C(orN )added.
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4. Potential DON uptake in macrophytes

This rate of uptake normalized to the amount of substrate available gives a rough indi-
cation of the preference for a particular nutrient source. Note that preferences in treatments
with an equal of amount substrate added can be compared as if they were specific uptake
rates. The total amount of heavy isotope taken up (Ii) during the incubation (≈ 3 hours)
was calculated as:

I = Esample ×POM ,

expressed in µmol, where POM is the amount of nitrogen or carbon in the macrophytes (in
µmol).

4.2.6 Natural Abundances

Tissue 15N natural abundances ranged between 1 and 4 %� and were different per plant
part and per species (Fig. 4.3a.). No difference in 15N abundance was apparent between
aboveground and belowground tissue of Zostera noltii, while rhizomes of Cymodocea nodosa

had a lower 15N content than the roots and leaves. Caulerpa prolifera exhibited 15N en-
richment in the leaves relative to the roots. The seagrasses were enriched in 13C relative to
C. prolifera (Fig. 4.3b.). Belowground organs were enriched relative to leaves in all three
species, likely due to storage of 13C-rich carbohydrates.
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Figure 4.3: Natural isotope abundances (δ15N , a; δ13C, b) of
the relevant plant parts.
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4.3. Results

4.3 Results

4.3.1 Potential uptake of nitrogen compounds

Leaf-mediated N uptake

For each species the type of labeled substrate had a significant effect on the atom percentage
enrichment of 15N over natural abundances when added to the aboveground parts (Gener-
alized Linear Model with corrections for differential variance per treatment, F8,18 = 39, p <
0.0001 for Zostera noltii, F8,18 = 23, p < 0.0001 for Cymodocea nodosa, and F8,18 = 76, p <
0.0001 for Caulerpa prolifera). With the exception of the L-phenylalanine addition, all treat-
ments exhibited significant uptake of 15N in the Z. noltii plants (Pairwise t-tests; Fig. 4.4).
For the C. nodosa plants significant nitrogen uptake was found for all treatments, except
NO−3 and urea for which uptakes were highly variable. C. prolifera individuals exhibited
significant 15N uptake for all substrates.

Tissue 15N preferences (Fig. 4.4, left column) expressed as the percentage of the added
substrate taken up per unit of time and per unit of dryweight were higher for inorganic
nitrogen, than for urea and amino acids. C. prolifera leaves preferred NO−3 , while NH+

4 was
preferred by the seagrass leaves. The seagrasses exhibited progressively declining preferences
for the small organic compounds with increasing substrate complexity. The preference for
algae-derived DO15N was higher than for bacteria-derived DO15N in all macrophytes.

Some statistically significant 15N excesses over natural abundances were found in the
belowground parts (e.g. for the glycine and leucine addition to C. nodosa; t = 4.4, p =
0.036 and t = 4.3, p = 0.037), but they were quantitatively negligible indicating a virtual
absence of translocation from aboveground to belowground parts over the approximately 3
hours of incubation time.

Root mediated N uptake

For each species the type of labeled substrate had a significant effect on the specific 15N
uptake rates per amount of substrate when added to the belowground parts (Generalized
Linear Model with corrections for differential variance per treatment, F8,15 = 126, p <
0.0001 for Zostera noltii, F8,15 = 105, p < 0.0001 for Cymodocea nodosa, and F8,16 = 97, p
< 0.0001 for Caulerpa prolifera). Z. noltii exhibited significant 15N uptake of all substrates
(Paired T-tests, p < 0.001 for each treatment; Fig. 4.4, right column). Similar qualitative
results were found for the C. nodosa roots. The rhizomes (data not shown) also exhibited
similar patterns but the excesses were two orders of magnitude smaller and not significant.
C. prolifera roots exhibited significant 15N uptake in all substrate treatments, except the
glycine addition.

The spectrum of compounds taken up by the belowground parts differed quantitatively
from the uptake characteristics of the aboveground parts (Fig. 4.4). NH+

4 was the preferred
substrate in root-mediated uptake, whereas the NO−3 and urea N fluxes per unit added ni-
trogen were relatively unimportant. Root-mediated glycine uptake was larger the seagrasses
than the uptake of L-leucine and L-phenylalanine (preferences for the amino acids can be
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4. Potential DON uptake in macrophytes

Figure 4.4: 15N uptake rates in the leaves (left) and roots (right) of Zostera noltii, Cymodocea nodosa, and
Caulerpa prolifera expressed as a percentage of the substrate added per milligram of dryweight and per hour
of incubation time. Significant excesses are indicated with an asterisk.

compared as if it were specific uptake rates, since the added concentrations in terms of ni-
trogen were the same for all amino acid substrates). For C. prolifera no clear quantitative
distinction existed between the amino acids (Fig. 4.4). Algae-derived and bacteria-derived
DON uptake by the belowground tissue of C. prolifera and C. nodosa were quantitatively
more important than by their aboveground parts (Fig. 4.4, added concentrations were the
same in aboveground and belowground incubations). Algae-derived DON was again the pre-
ferred nitrogen source relative to bacteria-derived DON. Just as for the substrate additions
to the aboveground tissue, those to the belowground parts showed no strong indications of
translocation.

4.3.2 Concurrent organic carbon and nitrogen uptake

For the double-labeled (15N and 13C) organic substrates we also considered carbon uptake
and its relation to nitrogen uptake. In general, the carbon signals were weaker than the cor-
responding nitrogen signals, more variable per treatment, and even negative excesses were
observed (Fig. 4.5). Using a similar linear model as for the nitrogen uptake, significant
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4.3. Results

Figure 4.5: 13C uptake rates in the leaves (left) and roots (right) of Zostera noltii, Cymodocea nodosa, and
Caulerpa prolifera expressed as a percentage of the substrate added per milligram of dryweight and per hour
of incubation time. Asterisks above the boxplots indicate statistical significance of excesses.

excesses in heavy carbon relative to natural 13C fractions were found in the leaves for the
bacteria-derived DOM additions in all species, and for urea, glycine, leucine, and pheny-
lalanine in Caulerpa prolifera (p < 0.05). The carbon excesses for the amino acids in the
latter species were no longer significant after correction for multiple testing. The decreases
found in the preferences for amino acid carbon from simple to more complex amino acids
(Fig. 4.5) were entirely due to the correction for differential amounts of substrate carbon
(0.2 µmol l−1 for glycine, 0.6 µmol l−1 for leucine, and 0.9 µmol l−1 for phenylalanine),
since the specific uptake rates of 13C did not show this trend (data not shown).

4.3.3 Total 15N uptake (I)

Because we aimed to identify uptake of different substrates at realistically low concentrations,
rather than looking at uptake kinetics, the 3 hour incubations in relatively small volumes
of water may have caused substrate depletion. On the other hand, total uptake of 15N
during the incubations was generally lower than the amount added (dashed line in Fig. 4.6).
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4. Potential DON uptake in macrophytes

In the NH+
4 and NO−3 incubations with Caulerpa prolifera leaves substrate depletion may

have occurred, since the incorporation was close to the amount added. Urea and amino
acid additions showed no indications of depletion. Algae-derived DON uptake was also high
and close to depletion. Bacteria-derived DON was far from depleted (Fig. 4.6), but the
label incorporation was stronger than in the algae-derived DON additions (data not shown).
This seemingly contradictory result is due to the higher bacteria-derived DO15N addition
compared to the algae-derived DO15N addition (see section 4.2.3). Similar analyses were
performed for the belowground tissue, where no indications for depletion were found for any
treatment (Fig. 4.6). The total incorporation via the roots was always lower than through
the leaves most likely due to the lower biomass.

It is also obvious that C. prolifera took up more nitrogen for most of the substrates
compared to seagrasses, but this can be due to its larger biomass in our incubations (data
not shown), which is supported by the specific uptake rates that were similar or lower than
those for the seagrasses (Fig. 4.4).

4.4 Discussion

4.4.1 Water column DON as nutrient source

Our results show that DON derived from algae presents an important source of nitrogen for
seagrasses and macroalgae. The specific uptake rates per amount of substrate (preference)
for DON derived from an axenic diatom culture were comparable to those for NH+

4 , the
preferred inorganic nitrogen of seagrasses (Romero et al., 2006). This highlights the poten-
tial importance of DON as an immediate source of bioavailable nitrogen. The potential of
detritus-derived nitrogen utilization by seagrasses was already illustrated by Evrard et al.
(2005) and by Barron et al. (2006) for oligotrophic systems. However, their incubations
lasted one to several days and focussed on sediment associated processes, thus illustrating
the potential of organic nitrogen recycling and remineralization. By restricting the incu-
bations to 3 hours, significant remineralization is minimized in our experiment. Recently,
nitrogen uptake through leaves and roots was demonstrated for seagrass species in a trop-
ical oligotrophic system (Vonk et al., 2008). To our knowledge, this study is the first to
systematically address organic nitrogen utilization in temperate seagrasses.

Algae-derived DON was clearly preferred over bacteria-derived DON, which consisted of
84% and 47% amino acid nitrogen respectively, mainly in the form of DCAA (Fig. 4.2). This
higher amino acid content may explain why algae-derived DON was the preferred DON pool.
Many microalgae are also able to utilize amino acid nitrogen (Antia et al., 1975; Linares and
Sundback, 2006). Utilization of free amino acids by seagrasses was demonstrated by Vonk
et al. (2008), but was not compared to more complex mixtures with non-amino nitrogen.
The lower fraction of amino acid nitrogen in bacterial DOM implies that other compounds
are more abundantly present. It is possible that a large fraction is therefore more resistant
to breakdown. This agrees well with the observation that bacterial DON contributes sub-
stantially to the refractory part of oceanic DOM in McCarthy et al. (1998, 2004), although
these results concerned mainly autotrophs. Our findings are in good agreement with the
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4.4. Discussion

Figure 4.6: Total amount of label incorporated at the end of the incubation (bullets) and the amount added
(dashed line) for the leaf (above) and root incubations (below).
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4. Potential DON uptake in macrophytes

dependence of DON reactivity on DON origin, found for other ecosystem compartments
(Ziegler and Benner, 1999b; Seitzinger et al., 2002; McCallister et al., 2006).

All individual organic compounds were taken up in significant quantities by the above-
ground macrophyte parts. However, the preferences for individual organic compounds were
smaller than for the inorganic nitrogen sources and composed DON pools. It therefore seems
that a composed pool of substrates is more useful to the macrophytes than larger quantities
of one compound. Since one amino acid in large quantities implies a necessity to resynthe-
size other amino acids this could be expected. It needs to be emphasized that not only the
preferences but also the specific uptake rates were higher. This excludes artifacts due to an
overcorrection for differential substrate availability, which would occur if only a small frac-
tion of the DON is bioavailable and specific uptake rates were divided by the concentration
of the entire DON pool. A preference for a mixture of compounds rather than strong uptake
of one specific compound was also hypothesized by Flynn and Butler (1986) in the context
of free amino acid uptake.

There were clear differences in the ability of leaves to take up different organic com-
pounds. These differences appeared related to the complexity of the substrates. Urea
nitrogen was preferred over amino acid nitrogen, and nitrogen from glycine, a simple achiral
amino acid was preferred over more complex amino acids like L-leucine and L-phenylalanine.
Since the nitrogen content and the starting concentrations of the amino acids were the same
for all treatments, our differential amino acid preferences also reflect the specific uptake rates,
meaning that seagrass specific uptake of glycine N was higher than leucine and phenylalnine
N. Vonk et al. (2008) also observed higher uptake rates of urea nitrogen than amino acid
nitrogen by the leaves of most of the species examined. It is not clear by which mechanisms
the amino acid nitrogen enters the macrophytes. Numerous mechanisms exist for phyto-
plankton, bacteria and macroalgae, including urease activity (Berman and Bronk, 2003, and
references therein; Solomon and Glibert, 2008), peptide hydrolysis (Mulholland et al., 2002;
Stoecker and Gustafson, 2003), amino acid oxidation (Palenik and Morel, 1990a), and com-
plete uptake of the entire amino acid (Legrand and Carlsson, 1998). Furthermore, the mode
of uptake can differ with compound (Tyler et al., 2005) and environmental conditions (Mul-
holland et al., 2004). More research in this area, particularly for seagrasses, could advance
our knowledge significantly. It should also be noted that the complexity gradient also corre-
sponds with a gradient in carbon content. Although we cautiously attribute the differential
uptake capacities to the substrate complexity, it is also possible that other factors are at the
basis of the pattern. More research, using more substrates of varying complexity, is needed
to confirm this complexity dependence and improve our understanding.

With the exception of urea-N and NO−3 the highest specific uptake rates were found in
the seagrasses, contradicting the findings of Vonk et al. (2008), who observed considerably
higher specific uptake rates in macroalgae than in seagrass leaves. However, clear distinctions
in nitrogen uptake exist between slow-growing and fast-growing macroalgae (Duarte, 1995),
and Caulerpa prolifera is considered a slow-growing macroalga (Malta et al., 2005). In
addition, depletion effects could have occurred in the NH+

4 and NO−3 and algal-derived
DON treatments of C. prolifera implying a potential underestimation of the true specific
uptake rates. The amino acid treatments, however, did not exhibit any signs of depletion
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supporting the validity of the lower uptake rates in C. prolifera.

4.4.2 The nitrogen source spectrum for root systems

The spectrum of available nitrogen sources for uptake by the belowground parts differed
from that of the aboveground parts. Nitrate and urea nitrogen uptake through the root
systems was statistically significant for all species. However uptake of these compounds was
negligible when compared to NH+

4 uptake. Considering that virtually no NO−3 is expected
to be in the sediment, apart from the shallow oxygenated layer around the roots and at the
sediment-water interface, it is not surprising that the root-mediated NO−3 uptake is low.
In addition, root-leaf interactions and interactions between ammonium and nitrate uptake
exist in different seagrass species (e.g. Thursby and Harlin, 1982, 1984; Stapel et al., 1996).
An explanation for low uptake of urea nitrogen is less obvious. Compared to uptake of
NH+

4 , splitting urea molecules induces increased energetic costs and NH+
4 is usually readily

available within sediments from, for instance, microbial urea breakdown (Lomstein et al.,
1989).Indeed, the statistical significance of the root-mediated urea uptake by seagrasses could
be entirely due to remineralization to NH+

4 . Caulerpa prolifera exhibited a somewhat higher
affinity for urea than the seagrasses but total uptake remained very low. Urea nitrogen
uptake from the sediment has been observed for other faster-growing macroalgae (Tyler
et al., 2001).

The spectra of amino acid uptake by the belowground tissue differred between the
species. Zostera noltii exhibited a pattern similar to the uptake by the aboveground parts,
whereas Cymodocea nodosa exhibited higher preferences for glycine and not for L-leucine
or L-phenylalanine. The patterns for C. prolifera were less clear due to the higher vari-
ability per treatment, but L-leucine was preferred over L-phenylalanine. The difference in
the preferences per plant species imply that consistent distinctions were made by the plants
themselves, since the bacterial communities in the cups at the beginning of the experiment
are the same. However, endosymbiotic prokaryotes have been found for the genus Caulerpa

(Chisholm et al., 1996). It is not clear to what extent these bacteria would influence our
results, but it is likely that they play a role.

Algae-derived DON was preferred over bacteria-derived DON when root-mediated up-
take was considered. This is consistent with the patterns found for leaf-mediated uptake.
However, whereas the specific uptake of algae-derived DON uptake was higher through the
leaves in Z. noltii, the specific uptake rates in C. nodosa and C. prolifera were highest for
the uptake by belowground tissue. Caulerpa preferred algae-derived DON even over NH+

4
(Fig. 4.4). This is contrary to the other data, that suggest a clear preference for NH+

4 .
One explanation could be that C. prolifera is able to use more of the nitrogen via different
pathways. For example, a high uptake of organic compounds combined with some uptake
of regenerated NH+

4 . The preference for NH+
4 in the belowground parts of Z. noltii is also

lower than that of C. prolifera. Thus, it is possible that the regenerated NH+
4 uptake con-

tributes substantially to the already high organic nitrogen uptake, making this preference
for algae-derived DON appear higher than that for NH+

4 .
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4.4.3 Carbon versus nitrogen acquisition from DOM

Although some tendencies existed in the 13C excesses per treatment and per plant very few
statistically significant results were found, even despite the sometimes high 13C transport
rates. We attribute this lack of detection to the higher carbon content and larger variabil-
ity, compared to nitrogen. A difference in the natural δ13C value of 1 %� would, with an
average organic carbon content of 4.4 mmol (average for the Caulerpa leaves), account for
a difference in uptake of 4.81 µmol of carbon. If we keep in mind that only 0.11 µmol of L-
phenylalanine-C was added to 123 ml of medium, it is not surprising that none of the amino
acid treatments showed a significant 13C enrichment. The total uptake of 13C did not show
any differences between the different treatments. Only after division by the amount added
does a pattern corresponding to that in figure 4.5 (low urea C uptake, decreasing uptake for
glycine, leucine and phenylalanine carbon respectively and somewhat increased values for
the DON treatments) emerge, meaning that this pattern was entirely due to the correction
for the substrate addition. This implies that we did not find any indications of 13C uptake
at all, neither through direct uptake nor after remineralization. In the latter case, uptake
would be obscured by the introduction of DI13C in the large DIC background (≈ 2 mmol
l−1; i.e. dilution).

4.4.4 Do macrophytes use DON or only remineralized DIN?

This study has revealed a rapid uptake of nitrogen originating from various organic sub-
stances. Despite the removal of epiphytes, phytoplankton and a part of the bacterial com-
munity, we can not completely exclude remineralization prior to uptake of the regenerated
nitrogen. However, the differential pattern for uptake of nitrogen from organic compounds
by leaves relative to that by roots at least supports the idea that the macrophytes distin-
guish more than just inorganic nitrogen, since the bacterial communities in the medium were
the same in all incubations. Whatever the main mode of uptake might be, nitrogen from
small well-defined organic compounds is available to macrophytes in a matter of hours, and
a complex pool of DON supplies nitrogen in similar or larger amounts than inorganic pools
at realistic concentrations found in temperate seagrass-dominated systems.
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5. Dissolved organic matter

uptake by temperate

macrophytes

Van Engeland T., T. J. Bouma, E. P. Morris, F. G. Brun, G. Peralta, M. Lara, I. E.

Hendriks, P. van Rĳswĳk, B. Veuger, K. Soetaert & J. J. Middelburg. (In prep.)

Abstract - Seagrass-dominated ecosystems are often characterized by very low nutrient con-

centrations. We assessed the utilization of inorganic and organic nitrogen compounds by primary

producers that are co-occuring in a seagrass meadow. Using double-labeled (13C and 15N) substrates

of differential complexity the net transfers from the dissolved nitrogen and carbon pools to phyto-

plankton, planktonic bacteria, epiphytes, seagrasses (Zostera noltii and Cymodocea nodosa), and

macroalgae (Caulerpa prolifera) were quantified in field incubations. Phytoplankton was by far the

largest nitrogen sink, followed by the epiphytic community. In contrast, the seagrasses and Caulerpa

prolifera dominated carbon fixation (≈ 85%). Although compartment-specific variations existed,

NH+
4 was generally preferred over NO−3 and urea. Specific uptake rates of individual amino acids

were inversely proportional to their C/N-ratio and their structural complexity (glycine > L-leucine

> L-phenylalanine). In addition, biomarker-specific measurements (polar lipid-derived fatty acids

and D-alanine) indicated an increasing bacterial contribution to carbon uptake with increasing amino

acids complexity. All primary producers acquired nitrogen from a composite pool of algae-derived

dissolved organic matter (DOM), but algae-derived DOC was almost exclusively used by the plank-

tonic compartment. In contrast, a similar complex pool of bacteria-derived DOM was not utilized

in significant quantities by any of the primary producers. Our results il lustrate that (1) dissolved

organic nitrogen plays an important role in nutrient dynamics in seagrass meadows, (2) the role of

phytoplankton in seagrass meadows is too often neglected and should be investigated in more detail,

and (3) organic nitrogen and carbon dynamics are largely uncoupled and should be investigated as

such.
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5.1 Introduction

The high productivity of seagrass-dominated ecosystems in a generally low dissolved inor-
ganic nitrogen (DIN) environment implies a high potential to deal with nitrogen limitation.
Biota can cope with this by (1) being the most efficient competitor (e.g. having high affinities
for inorganic nitrogen), and/or (2) having exclusive access to a particular nutrient source
other than DIN (e.g. urea) and/or utilization or exploiting sediment resources, thus avoiding
competition. DON is often the largest constituent of total dissolved nitrogen in oligotrophic
marine systems (Bronk, 2002), and thus represents a large potential nutrient source and
key component in seagrass meadows. The combination of limited availability of inorganic
nitrogen and high biomass points towards efficient recycling of this DON, or towards direct
uptake of dissolved organic nitrogen (DON).

Nevertheless, little attention has been paid to DON dynamics in seagrass-dominated
systems, apart from research on benthic fluxes (e.g. Eyre and Ferguson, 2002) and temporal
variation in bulk DON concentrations (Ziegler and Benner, 1999b). DON is often consid-
ered a black box from which inorganic nitrogen is drawn, because it is hard to link the
operationally defined fractions within the DON pool with bioavailability (Bronk, 2002). For
instance, low-molecular-weight DON (LMW-DON; < 3000 kDalton) is preferred over high-
molecular-weight DON (HMW-DON) by estuarine bacteria, but in the end HMW-DON
breakdown is more complete and provides nitrogen over longer time-scales (Kerner and
Spitzy, 2001). In addition, within the bioavailable DON fraction taxon-specific preferences
are expected but not well documented for marine systems (Harrison et al., 2007).

The principal sources of DON in seagrass meadows are autochtonous. First of all, par-
ticulate organic matter, trapped by the seagrasses and partially buried breaks down in the
sediment and causing significant DON effluxes. Evrard et al. (2005) and Barron et al. (2006)
observed quick utilization of dissolved nitrogen originating from labeled detritus injected into
the sediment, part of this nitrogen was lost from the seagrass bed to the overlying water,
presumably in a reduced form such as NH+

4 and DON. Other DON sources are phytobenthos
(Tyler et al., 2001; Eyre and Ferguson, 2002), active or passive loss of DOM from living and
senescent macrophyte leaves and/or roots (Benner et al., 1986; Findlay et al., 1986; Ziegler
and Benner, 1999b), and from phytoplankton (Ziegler and Benner, 2000). This DON supply
to the water column influences bacterial activity and water column nitrogen cycling (Ziegler
and Benner, 1999a,b).

A broad range of taxa utilize dissolved organic nitrogen within a few hours to days.
The capabilities to use DON are highly variable within and between taxa (Berman and
Chava, 1999; Weigelt et al., 2003). Heterotrophic bacteria (Stepanauskas et al., 1999) and
phytoplankton (Bronk et al., 2007) are the most frequently studied, but some macroalgae also
take up urea and amino acids (Tyler et al., 2005). Recently, DON utilization by seagrasses
was observed in the laboratory and in the field (Vonk et al., 2008).

This is actually not surprising since organic nitrogen utilization is also wide spread
in terrestrial macrophytes, their ÂťancestorsÂť (e.g. Persson et al., 2003). In addition,
seagrasses would benefit from direct uptake of amino acids, their main form of N storage
(Invers et al., 2002), by avoiding energy-demanding synthesis from NH+

4 or NO−3 .
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But in spite of these theoretical considerations, the ecology of DON utilization in sea-
grasses remains virtually unknown. Indeed, except from the study cited above, uptake
experiments in seagrass meadows have focussed almost exclusively on DIN uptake (Stapel
et al., 1996; Cornelisen and Thomas, 2002; Lepoint et al., 2004; Morris et al., 2008).

Seagrasses and rooting macroalgae take up nutrients from both the water column and the
sediment (Stapel et al., 1996), and the leaves can supply up to half of the total N demand in
seagrasses (Zimmerman et al., 1987; Lee and Dunton, 1999). They thus potentially compete
with phytoplankton, bacteria and (non-)epiphytic phytobenthos for nutrients. Nevertheless,
uptake experiments have hitherto only considered seagrasses, avoiding or neglecting uptake
by other primary producers (Stapel et al., 1996; Lepoint et al., 2002b; Morris et al., 2008).
In addition, studies on interactions between primary producers in seagrass meadows mainly
focussed on macrophyte-macrophyte competition for inorganic nutrients or other resources
(Fourqurean et al., 1995; Davis and Fourqurean, 2001; Steen, 2004; Stafford and Bell, 2006),
or on the influence of epiphyte cover on the uptake of inorganic nutrients by seagrasses (Cor-
nelisen and Thomas, 2002, 2004). However, model simulations suggest that phytoplankton
and epiphytic microalgae may be the dominant nutrient consumers in the water column,
driving seagrasses to be nutrient limited and largely dependent on sediment nitrogen (Plus
et al., 2003).

We investigated the capacity of different co-occuring primary producers (Zostera noltii,
Cymodocea nodosa, Caulerpa prolifera, the epiphytes, and the phytoplankton) from the inner
bay of Càdiz to acquire dissolved organic and inorganic nitrogen compounds from the water
column. Using a spectrum of 13C and 15N double-labeled substrates of differential complex-
ity and composition, we investigated how much of each substrate flows into these ecosystem
compartments, whether carbon and nitrogen acquisition was coupled, and how much each
source contributed. The bacterial contribution to the plankton uptake was studied using
polar lipid-derived fatty acids (PLFA) and hydrolysable amino acids (HAA) as biomarkers.

5.2 Materials & Methods

5.2.1 The study site

The bay of Càdiz encompasses an area of approximately 30,00.0 ha of which 40% is more or
less permanently inundated (Carrasco et al., 2003). It is subdivided into a deeper outer bay
with a direct input of continental shelf water and riverine runoff with urban waste water,
and a shallow inner bay which receives water from the outer bay. It is a system impacted
by aquaculture and waste water run-off, as indicated by 15N stable isotope measurements
(Morris et al., 2009). There are three dominant seagrass species, Zostera marina (not treated
in this study), Zostera noltii, and Cymodocea nodosa, and a small rooting macroalga Caulerpa

prolifera. This experiment was conducted in the inner bay near Santibañez (36°28’12.79”N,
6°15’7.07”W; Fig. 5.1), where Zostera noltii, C. nodosa and C. prolifera co-occur.
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5. DON uptake in the water column

Figure 5.1: Experimental site in the inner bay of Càdiz, Spain.

5.2.2 Experimental Design

The experiment was designed to assess under potential competition the relative contribu-
tions of the expected main players (Zostera noltii, Cymodocea nodosa, Caulerpa prolifera,
phytoplankton, bacterioplankton, and epiphytes) with regard to nitrogen acquisition from
different sources in the water column (Tab. 5.1). Incubations were performed in plastic bags
with a screw cap on the lower side. The macrophytes were bundled in a hole in the screw cap
with a hydrophobic cotton wool bud wrapped around the basis of their aboveground parts,
such that the aboveground parts were in the bag and the belowground parts outside the bag
(Fig. 5.2). The cotton wool bud was sufficient to prevent water from leaking through the
hole. The macrophyte species were added to the enclosures in similar biomasses. The bag
was filled with 5 liters of unfiltered bay water containing the natural plankton community.
Each incubation therefore involved not only three macrophytes and the epiphytes, but also
suspended algae and bacteria. Eight nitrogen and carbon containing substrates were added
in quantities amounting to the final concentrations indicated in table 5.1. The composed
DOM substrates (algae- and bacteria-derived DOM) were prepared following Veuger et al.
(2004). The algae were grown on 15NH+

4 and 13C-bicarbonate, and bacteria on 15NH+
4 and

13C-glucose. After a week they were harvested. After removal of the remaining label, the
DOM was extruded from the algae/bacteria with hot water (60°C) and the complex organic
extract was used as a proxy for algae/bacteria-derived DOM. Since filtration of substrates
added to filtered seawater demonstrated that a considerable part of the bacteria-derived
DON stuck to the filter (data not shown), the results for bacteria-derived DON should be
interpreted with caution, particularly with respect to the incorporation in suspended par-
ticulate matter (SPM). NaH13CO3 was added to the NH+

4 and NO−3 incubations to assess
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the primary production (Tab. 5.1). After the substrates were added, the bags were an-
chored approximately 0.3 m above the bottom at a depth of 0.5 to 1.5 m (tidal variation).
Incubations were started around low water and lasted for approximately 4 hours. After the
incubation period the bags were collected one by one in random order to be sampled. This
experimental setup was replicated three times on different days to obtain statistical stability
(no replicate treatments in one day).

Figure 5.2: Incubation setup: A screw cap with a hole contain-
ing three macrophyte species in similar biomasses. A plastic bag
contains the incubation medium (water from the bay) with the
planktonic microbial community. The enclosure is attached to
the bottom with a rope on a weight.

5.2.3 Sampling and sample handling

Post incubation, the dissolved nutrients were collected after filtration over a precombusted
GF/F filter (Whatman). The amino acids and DOC were sampled by filtration over a
precombusted GF/6 filter (Whatman). Suspended particulate matter (SPM) samples were
collected on preweighed precombusted GF/F filters (Whatman) for bulk 13C and 15N anal-
ysis, polar lipid-derived fatty acid isotope (PLFA) analysis, and amino acid isotope analysis.
All SPM samples were stored on ice in the field and at -20°C in the laboratory until further
processing. The macrophytes were dissected and stored in liquid nitrogen in the field and at
-20°C in the laboratory. For Zostera noltii aboveground and belowground parts were distin-

93



5.
D

O
N

uptake
in

the
w

ater
colum

n

Table 5.1: The substrates (Cambridge Isotope Laboratories, CIL) used for this experiment and their final concentrations in the incubations.
For the protocol of DON preparation we refer to Veuger et al. (2004) and chapter 4.

Treatment Abbrev. Labeled substrates Concentration

NH+
4 /DIC NH+

4 NH4Cl (15N , 99%) + NaHCO3 (13C, 99%) 1 µmol-N l−1 / 30 µmol-C l−1

NO−3 /DIC NO−3 NaNO3 (15N , 98%) + NaHCO3 (13C, 99%) 1 µmol-N l−1 / 30 µmol-C l−1

Urea UR Urea (13C, 99%; 15N2, 98%) 2 µmol-N l−1

Glycine Gly Glycine (U13C2, 98%; 15N , 98%) 0.1 µmol-N l−1

Leucine Leu L-Leucine (U13C6, 98%; 15N , 98%) 0.1 µmol-N l−1

Phenylalanine Phe L-Phenylalanine (U13C9, 98%; 15N , 98%) 0.1 µmol-N l−1

Algae-derived DOM AD DOC (8.33% 13C) + DON (65.78% 15N) 25 µmol-C l−1 / 2.93 µmol-N l−1

Bacteria-derived DOM BD DOC (46.22% 13C) + DON (46.36% 15N) 138 µmol-C l−1 / 39 µmol-N l−1
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guished, which will be referred to as leaves and roots for simplicity. In Cymodocea nodosa

aboveground parts (leaves), rhizomes and roots were separated. In Caulerpa prolifera rhi-
zoids and the rest of the thallus were distinguished, and will also be referred to as roots and
leaves for simplicity. The epiphytes from C. nodosa and Z. noltii were in the field collected
with razor blades, and stored on a precombusted GF/F filter (Whatman) on ice. Reference
samples from the environment were taken for all variables mentioned above. In addition
GF/F filters for pigment analysis were collected to assess the phytoplankton community
composition (also stored on liquid nitrogen in the field and at -20°C in the laboratory). The
macrophytes, SPM and epiphytes were later freeze dried. The macrophytes were ground to
a fine powder for isotope analysis.

5.2.4 Chemical analyses

DIN components (NH+
4 , NO−2 , NO−3 ), urea and dissolved inorganic phosphate (DIP) were

determined colorimetrically (Middelburg and Nieuwenhuize, 2000). DON was calculated
by difference from the total dissolved nitrogen (TDN), determined as NO−3 after a alkaline
persulphate destruction (120°C for 30 min; Grasshoff et al., 1999), and DIN. DOC con-
centrations were measured with an auto-analyzer (Skalar SK12 organic carbon analyzer).
Dissolved free amino acids (DFAA) concentrations were measured by HPLC (Fitznar et al.,
1999) on a Waters HPLC system with a 996 photodiode array detector. Total hydrolysable
amino acids dissolved in the water column (THAA) were measured using the same proce-
dure after 24 hours of hydrolysis in 6 M HCl at 110°C. Dissolved combined amino acids were
determined by subtraction (DCAA = THAA - DFAA). Pigment analysis was performed on
a Waters HPLC system with a Waters 474 fluorescence detector (Barranguet et al., 1997).
Concentrations and relative abundances of 13C in dissolved inorganic carbon (DI13C) were
measured with a headspace technique using a Thermo NA2500 elemental analyzer coupled
to a Thermo Delta Plus isotope ratio mass spectrometer via a Conflo II interface. Bulk
carbon and nitrogen content and relative abundances of 13C and 15N in SPM and plant tis-
sue were measured using a Thermo EA 1112 elemental analyzer coupled to a Thermo Delta
V Advantage isotope ratio mass spectrometer with a Conflo II interface (EA-IRMS; Vonk
et al., 2008). Concentrations and relative abundances of 13C and 15N for the hydrolysable
amino acids in SPM (HAA) were analyzed by gas chromatography-combustion-isotope ratio
mass spectrometry (GC-c-IRMS) using a HP 6890 GC with a Thermo type III combustion
interface and Thermo Delta Plus IRMS after extracting and derivatizing the amino acids
using the protocol of Veuger et al. (2005), modified for extraction from filters. PLFA (polar
lipid-derived fatty acid) extractions and derivatization to fatty acid methyl esters (FAME)
were performed using a modified Bligh and Dyer protocol (Boschker et al., 1999). FAME
concentrations were measured by gas chromatography-flame ionization detection (GC-FID)
with separation on a polar column (Scientific Glass Engineering BPX-70; Middelburg et al.
2000). 13C isotope ratios of the individual FAME were measured on a HP 6890 GC gas-
chromatograph with a Thermo type III combustion interface and Thermo Delta Plus GC-
c-IRMS.
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5.2.5 Calculations & statistics

Due to the wide range of labeling intensities we based all our calculations on atomic frac-
tions (F; for 15N or 13C) rather than δ-values (Fry, 2006). The occurrence of uptake was
investigated with t-tests to test the difference between the heavy isotope fractions in the
treatment samples (Fsample) relative to the natural heavy isotope fractions in the reference
samples (Fnat.ab.). Isotope excesses (Esample = Fsample - Fnat.ab.) were used to calculate spe-
cific uptake rates of heavy isotope: Vsample = Esample× [X]/time, where [X] is the carbon
or nitrogen concentration (µmol gDW−1). Transport rates were calculated as the product:
ρsample = Vsample× dryweight. Corrections for differential substrate concentrations were
accomplished (when desirable) by dividing V by the substrate concentration [i]. This rate of
uptake per amount available gives an indication of the preference for a particular nutrient
source and is eventually expressed in gDW−1 h−1.

Three biomarker classes were measured (PLFA, HAASPM , and pigments) to obtain ro-
bust results for the bacterial and phytoplankton biomasses and their contributions to N and
C uptake. The chlorophyll a concentration was converted to POCphyto by assuming a carbon
content of 45 µg-C per µg of chlorophyll a. No biomarker-based calculations were performed
on the algae- and bacteria-derived DON additions because biomarkers were introduced by the
additions. Bacterial biomass was determined, following Evrard et al. (2008), from the aver-
age PLFA concentration in bacteria as POCbac = PLFAbac/a, where a is the average amount
of PLFA per amount of bacterial carbon (assumption: a = 0.073 mmol PLFA-C/mmol
POCbac, following Brinch-Iversen and King (1990) and Moodley et al. (2000)). The average
PLFA concentration in bacteria was calculated based on the concentrations of the bacteria
specific markers (aiC15:0, iC15:0, iC14:0, and iC16:0) as PLFAbac =

∑

PLFAbact−spec/b,
with b the amount of bacteria-specific PLFA per amount of total bacterial PLFA (assump-
tion: b = 0.14 mmol PLFAbact−spec-C/mmol of PLFAbac, following Moodley et al. (2000)).
The phytoplankton biomass, POCphyto was estimated from the PLFA data as POCphyto =
PLFAphyto/c, with PLFAphyto the total PLFA concentration in phytoplankton and conver-
sion factor c (assumption: c = 0.077 ± 0.034 µg PLFA-C/µg POCphyto, based on averaged
results from Dĳkman and Kromkamp (2006a) for Chlorophyceae, Trebouxiophyceae, and
Bacillariophyceae combined). The amount of phytoplankton PLFA was calculated as the
difference to the total amount of PLFA and the total amount of bacterial PLFA: PLFAphyto
=
∑

PLFAall - PLFAbac.
Bacterial contributions in amino acid C and N uptake were measured by means of the

hydrolysable amino acids in SPM (HAA). Following Veuger et al. (2005), and using a bac-
terial D-alanine/L-alanine ratio of the isotope excesses in carbon or nitrogen (D/L) of 0.07,
bacterial contributions were estimated as (D/L)/0.07. The D/L ratio was corrected for
hydrolysis-induced racemization (Veuger et al., 2007). The bacterial D/L ratio of 0.07 was
chosen based on the fact that at lower D/L ratios the phenylalanine addition would result
in bacterial contributions to carbon uptake in HAA of more than 100% (see section 5.3.4).
This D/L ratio corresponds to an approximate Gram-positive contribution of 42% to the
bacterial biomass, which is plausible (Veuger et al., 2007).

Using the area-specific biomasses for Zostera noltii (65.6 ± 4.4 g DW m−2) and Cy-
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modocea nodosa (123 ± 10 g DW m−2) reported for the inner bay of Càdiz by Brun et al.
(2006), the area-specific biomass for Caulerpa prolifera (97 ± 52 g DM m−2) from Morris
et al. (2009), and the SPM data from this study (21.5 ± 5.2 mg DW m−2), we calculated
the nitrogen uptake and turn-over rates per m2. For the SPM and the nutrient stocks we
assumed a water depth of 3.75 meter, based on the average water depth and the difference
between average low and high tide reported by Morris et al. (2009).

All calculations were performed in the statistical package R (R Development Core Team,
2009). Significance tests were performed using the gls-function in the nlme package for R
(Pinheiro et al., 2008).

5.3 Results

5.3.1 Environmental conditions

DIN concentrations were low (0.29 ± 0.11 µmol-N l−1 and 0.72 ± 0.65 µmol-N l−1 for
NH+

4 and NO−3 respectively; data not shown). Nitrite concentrations were negligible. The
total DON concentration was 16.41 ± 1.33 µmol-N l−1, and represented 94% of the total
dissolved nitrogen. Urea (2.17 ± 0.41 µmol-N l−1) represented 13.2% of the DON. The L-
leucine concentration (0.21 ± 0.36 nmol-N l−1) was almost two orders of magnitude smaller
than the glycine concentration (18.24 ± 5.91 nmol-N l−1) and exhibited considerably more
variation between sampling days. The L-phenylalanine concentration was more stable at
3.47 ± 1.28 nmol-N l−1.

5.3.2 Bacterial versus microalgal contributions to POM

The chlorophyll a (Chla) concentration was on average 2.7 ± 2.6 µg-Chla l−1, corresponding
to a phytoplankton biomass of 10 ± 10 µmol-C l−1 (results not shown). The major part
of the variation was between the days. Using the Chla derived biomass, phytoplankton
contributed on average 25 ± 22 % to the carbon pool of SPM. Fucoxanthin was relatively
high (0.62 ± 0.67 µg-Fuco l−1), indicating a high contribution of diatoms. The very low
concentration of zeaxanthin on day 3 (0.05 ± 0.01 µg-Zea l−1) indicate negligible contribu-
tions of cyanobacteria. The presence of the alloxanthin pigment (0.30 ± 0.43 µg-Allo l−1)
gave support to some presence of cryptophytes, particularly on day 3. Chlorophyll b was
abundantly present, indicating some contribution of chlorophytes. Part of this concentra-
tion is most likely due to Caulerpa prolifera derived detritus. Despite the high variation in
pigment content between the days and the occurrence of some very low concentrations of
accessory pigments on day 3, the pigment ratios relative to Chla were rather constant (0.22
± 0.03 for fucoxanthin), indicating a stable community composition.

Significant concentrations of the bacterial PLFA markers aiC15:0 and iC15:0 indicated
the presence of Gram-positive bacteria and Cytophaga/Flavobacter, while C18:1ω7c indi-
cated potentially high abundances of Gram-negative and Proteobacteria However, the latter
marker is also present in algal species. We calculated the bacterial and phytoplankton
abundances using the PLFA concentrations of all the samples except the complex DOM
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additions. The bacterial abundance was 4 ± 1 µmol-C l−1, corresponding to 8 ± 3 % of
the POC, whereas phytoplankton comprised 12 ± 5 µmol-C l−1 or 25 ± 12 % of the POC,
which was in good agreement with the results from the pigments (25 ± 22 %). The high
abundance of the diatom related PLFA markers C16:1ω7c and C20:5ω3 also corroborated
the high fucoxanthin values, while the presence of the Chlorophyceae-related PLFA marker
C16:4ω3 and the comparable abundance of the Trebouxiophyceae related PUFA C16:3ω3
supported the chlorophyll b values. Dinoflagellates were a negligible constituent of the mi-
crobial community as indicated by the vanishingly small quantities of C18:5ω3 and peridinin.

5.3.3 Bulk carbon and nitrogen uptake

Suspended particulate matter (SPM) and seagrass epiphytes exhibited significant 15N ex-
cesses over background values for all treatments, which differed per substrate (data not
shown). Zostera noltii and Cymodocea nodosa leaves showed significant 15N excesses in all
treatments except for phenylalanine (data not shown). 15NO−3 addition did not cause signif-
icant 15N excesses in Caulerpa prolifera leaves. No excesses were found in the belowground
parts of any of the macrophyte species (data not shown), indicating that translocation was
not importance during the 4-hour incubation period.

To give an idea of the preference for a particular substrate, specific uptake rates of
heavy isotopes (µmol g DW−1 h−1) were calculated normalized to the amount of added
substrate (µmol) to correct for the differences in substrate concentrations. The highest 15N
preferences were found for NH+

4 , except for C. prolifera and the epiphytes (Fig. 5.3). For
SPM preferences decreased in the order NH+

4 > NO−3 > urea. A similar but much weaker
pattern was visible in the epiphytes and C. prolifera. The seagrasses tended to take up more
urea-N than NO−3 per available amount but the differences were small and not significant.
The preferences in seagrasses and their epiphytes were higher for glycine than for leucine,
while phenylalanine was not taken up. The preferences for leucine in SPM and C. prolifera

were similar or slightly higher than for glycine.
The preference of SPM for algae-derived DON was comparable to that for NH+

4 . Other
compartments appeared to prefer algae-derived DON over bacteria-derived DON, but pre-
ferred DIN over DON. The substrate-corrected 15N specific uptake rates in the bacteria-
derived DON additions were quantitatively negligible compared to the other substrates,
despite the 15N excesses that were roughly double that of the algae-derived DON treatment.
These high excesses were thus only attributable to the high amount that was added (cf.
Table 5.1).

Total 15N (or 13C) uptake per enclosure was calculated as a percentage of the added
amount (Fig. 5.4). Note that the epiphytes were not mentioned here since no biomass data
was available. Contributions of the different ecosystem compartments to total uptake were
calculated as percentages of the total uptake (Fig. 5.4). SPM dominated nitrogen uptake
for all substrate additions with a minimum of 67% for the urea-N (Fig. 5.4a). However,
DIC was predominantly taken up by the macrophytes (≈ 85%; Fig. 5.4b). The seagrasses
were responsible for approximately 60% of the DI13C uptake, whereas the SPM accounted
for less than 15%. Urea-N uptake was dominated by the SPM, urea-C by the macrophytes.
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Figure 5.3: Nitrogen specific uptake rate corrected for the
initial substrate concentrations for the SPM (suspended
particulate matter), the epiphytes an three macrophyte
species. See table 5.1 for the abbreviations of the treat-
ments.
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The contributions of SPM to 15N uptake increased with increasing complexity (urea
< glycine < leucine < phenylalanine; Fig. 5.4a), while total 15N uptake decreased with
increasing complexity of the amino acids. The uptake of 13C from glycine and L-leucine
was higher than from L-phenylalanine, which was mainly taken up by the C. prolifera and
SPM (Fig. 5.4b). The complex pools of organic nitrogen, containing a whole spectrum of
compounds, were for 95% used by the SPM compartment. Algae-derived DON was taken
up to a much larger extent than DIN (Fig. 5.4a). The DOC was only taken up for 44%
when derived from algae and for 23% when derived from bacteria (Fig. 5.4b). The uptake
of this composed pool was almost exclusively by the SPM compartment but most likely
overestimated due to the stickiness of the substrate.

5.3.4 Contribution of bacteria and algae to N and C uptake

Large portions of the 13C that went into biomarkers were found in the HAA. The phyto-
plankton was mainly responsible for the incorporation of DIC, urea-C and glycine-C (Fig.
5.5). Twenty-six percent of the DI13C, that went into the HAA pool, ended up in the bac-
terial compartment during this 4 hour incubation period. In the leucine and phenylalanine
additions the 13C was predominantly taken up by the bacteria, but they only accounted
for 24 and 32 % of the 15N incorporation, respectively (Fig. 5.5). Almost no 15NH+

4 went
directly into the bacterial compartment, while 6% of the NO−3 incorporation into HAA was
due to bacteria.

The ratios of 13C over 15N in HAA ranged from 0.05 for the NH+
4 treatment to 0.5

for the glycine addition, indicating that nitrogen was incorporated into amino acids to a
much larger extent than carbon. The 13C/15N ratio in the urea treatments was of the same
order of magnitude as the NH+

4 and NO−3 treatments. The 13C/15N ratio in the amino
acid additions were higher (0.5, 0.24, and 0.46 for the glycine, leucine, and phenylalanine
additions respectively), indicating relatively higher carbon incorporation from amino acids
than from urea or DIC. For these calculations the added amino acids were excluded to avoid
artifacts.

5.3.5 Nitrogen uptake and carbon fixation at ecosystem level

Total carbon fixation per m2 was mainly accomplished by the seagrasses, in particular
Cymodocea nodosa (Tab. 5.2). Caulerpa prolifera and the SPM had an equal share which
was highly variable. Unfortunately, we did not have biomass data on the epiphyte community
or the sediment associated microphytobenthos.

In contrast to the DIC consumption, SPM was by far the largest sink for dissolved
nitrogen regardless of the source (Tab. 5.2). The area-based DIN turnover rate amounted
to 0.39 h−1 in our simplified system. The DIN turnover rate if Zostera noltii would be the
only consumer would be 0.014 h−1 and that for C. nodosa 0.017 h−1. In the absence of
fluxes into the substrate pools, the uptake of NH+

4 and glycine would drive these pools close
to depletion after 1 hour. This was less pronounced for NO−3 (≈ 4 hours) and urea (≈ 10
hours). The area-based uptake rates of leucine-N and phenylalanine-N were large compared
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Figure 5.4: Percent contribution to the total amount of 15N
(a.) and 13C (b.) taken up per enclosure for each of the treat-
ments. Note that the scale in (a.) starts at 65 % because
of the dominant role of nitrogen uptake by SPM. The num-
bers above the graphs are the percentages of the added 15N
(or 13C) that were consumed in the enclosures. The ecosys-
tem compartments indicated with gray scales are SPM (SPM),
Zostera noltii (ZN), Cymodocea nodosa (CN), and Caulerpa
prolifera (Cau).

to the standing stock, indicating a rapid turnover of these nitrogen compounds as well. The
calculations for the algae-derived DON were based on the assumption that the entire DON
pool is derived from algae, which is obviously a too crude approximation. These numbers
are purely indicative of how ‘tasty’ algal DON could be.

5.4 Discussion

Seagrass meadows have a tremendous capacity to filter nutrients from the water column
(Fernandes et al., 2009). Nutrient limitation and the mechanisms to cope with this are
probably among the most studied aspects of seagrasses ecology to date. However, few studies
exist on the contribution of different primary producers in these ecosystems to system-level
nitrogen uptake and primary production (but see Moncreiff et al., 1992 and Lepoint et al.,
2004). In addition, uptake of organic substances by seagrasses only recently started to receive
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Table 5.2: Area-based carbon fixation (mmol-C m−2 h−1) and nitrogen transport rates (µmol-N m−2 h−1) for the various compartments from
this study, total uptake rates for all compartments, and the total amount of substrate available to the biota per(mmol-C m−2 for DIC, µmol-N
m−2 for the rest). All calculations were based on the assumption of a water column depth of 3.75 meters, and using biomass values from Brun
et al. (2006), Morris et al. (2009) and this study.

Source SPM Zostera noltii Cymodocea nodosa Caulerpa prolifera Total uptake Nutrient stocks

DIC 9.9 ± 9.6 13.9 ± 10.7 27.6 ± 21.7 10.2 ± 15.2 61.6 ± 31.3 6280 ± 739

NH+
4 746 ± 438 32 ± 21 44 ± 34 26 ± 24 847 ± 440 1100 ± 401

NO−3 456 ± 379 19 ± 19 19 ± 9 39 ± 41 533 ± 379 2438 ± 2444

Urea 620 ± 419 53 ± 22 64 ± 36 31 ± 41 767 ± 425 8125 ± 1539

Gly 32 ± 27 1.5 ± 1.3 2.7 ± 2.6 3.8 ± 3.5 40 ± 27 68 ± 23

Leu 35 ± 39 0.7 ± 0.3 1.4 ± 0.7 2.5 ± 1.6 39 ± 39 2.3 ± 2.1

Phe 20 ± 24 0.3 ± 0.2 0.3 ± 0.2 0.7 ± 0.6 21 ± 23 13 ± 5

AD 12548 ± 7943 119 ± 89 254 ± 208 216 ± 236 13138 ± 7967 61525 ± 5016
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Figure 5.5: Bacterial contribution to the 15N and 13C incor-
poration in amino acids and PLFAs.

attention (Bird et al., 1998; Vonk et al., 2008; Vonk and Stapel, 2008). To our knowledge
this is the first study that addresses the contribution of different primary producers to the
concurrent uptake of nitrogen from both inorganic and organic sources in a seagrass meadow.

5.4.1 Nitrogen uptake in a wider context

Our results are in good agreement with uptake values found in literature (Tab. 5.3). The
NH+

4 and NO−3 transport rates corresponded well with those reported for temperate estuaries
(Glibert et al., 1991; Middelburg and Nieuwenhuize, 2000; Andersson et al., 2006). Inorganic
nitrogen transport rates by suspended particulate matter (SPM) fell within the range for
coasts but this range is large. The NH+

4 and NO−3 specific uptake rates by SPM, seagrasses
and their epiphytes in a Mediterranean Posidonia oceanica meadow were smaller than in this
study (Lepoint et al., 2004). However, our specific uptake rates of NH+

4 in seagrasses were in
close agreement with those found by Morris et al. (2008) for Zostera noltii and Cymodocea

nodosa in stagnant water, and those for epiphyte-covered Thalassia testudinum (Cornelisen
and Thomas, 2004). Our NH+

4 and NO−3 uptake rates for the seagrasses and macroalga were
lower than those found by Vonk et al. (2008). Our macroalgal specific uptake rates of NH+

4
and NO−3 were roughly four times lower than those in the Mediterranean Posidonia oceanica

(Lepoint et al., 2004), but they fell in the range for macroalgae on rocky shores (Phillips
and Hurd, 2004).

Bacteria and phytoplankton can use simple organic compounds such as urea and amino
acids for their nitrogen requirements (Bronk, 2002; Bronk et al., 2007). Preference, regula-
tion of the pathways, and whether the carbon is utilized in addition to the nitrogen depends
on the species and circumstances (Berg et al., 2003; Fan et al., 2003; Mulholland et al.,
2004), complicating literature comparison. The urea uptake by SPM was stronger in our
incubations than in the North Sea (Tungaraza et al., 2003) and the Baltic Sea (Tamminen
and Irmisch, 1996). Caulerpa prolifera took up little urea compared to literature values
for macroalgae (Tab. 5.3). The dissolved free amino acid transport rates by SPM were
lower than those observed by Andersson et al. (2006), but they used an amino acid mixture
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which could be more useful to biota than a large amount of one amino acid (Flynn and
Butler, 1986), although the transport rates from Andersson et al. (2006) were two orders of
magnitude lower than our DON transport rates (for algae-derived DON). In addition, the
biodegradability and mode of uptake is amino acid dependent (Tyler et al., 2005). Amino
acid uptake by the seagrasses and C. prolifera was similar to that found by Vonk et al.
(2008).

Planktonic algal DON transport rates were in the range of those found in Randers Fjord
(Denmark; Veuger et al., 2004). SPM took up algae-derived DON at rates comparable
to those in temperate estuaries (Kerner and Spitzy, 2001; Badr et al., 2008). This was
unexpected since our DON substrate purely consisted of fresh algal material, while their
cultures received riverine DON that has been aged, preprocessed, and thus ought to have a
lower bioavailability.

5.4.2 Importance of different sinks

SPM was the strongest sink for the nitrogen compounds tested, followed by the epiphytes
(Fig. 5.3, Tab. 5.2). The specific uptake rates of the SPM were a lot higher than those of
the macrophytes. Even on a areal basis the total transport rates into the planktonic com-
partment were 10 to 20 times higher than those into the individual macrophyte species (Tab.
5.2). DON uptake was for more than 95% attributable to the SPM. These results support
the idea that slow-growing algae, such as Caulerpa (Malta et al., 2005), and seagrasses are
inferior competitors for nutrients relative to fast-growers, such as epiphytic phytobenthos
and phytoplankton (Duarte, 1995; Plus et al., 2003). Uptake rates of the macrophytes may
have been underestimated, because the dependence on water column mixing for some sources
(Cornelisen and Thomas, 2004; Morris et al., 2008), and because of root uptake. However,
this can not explain the large differences between the SPM and macrophytes. Although we
did not measure uptake kinetics, we can expect that on the short term phytoplankton can
outcompete the macrophytes for nitrogen sources from the water column, since our nutrient
additions occurred at close to ambient concentrations. On the long term, nitrogen limitation
in macrophytes is alleviated by root uptake and by utilizing stored nitrogen taken up in late
fall and winter and nitrogen withdrawal from senescing leaves (Lepoint et al., 2002a).

Two potentially important sinks have not been quantified because of logistic reasons.
The epiphyte biomass is hard to quantify accurately and sediment associated microalgae
could not be included in our incubations because of the enclosure design and the decision to
exclude sediment associated processes and fluxes. It is estimated that epiphytes contribute
up to 17% to NH+

4 removal from the water column, and 10% to carbon fixation by an
assemblage (Heip et al., 1995; Cornelisen and Thomas, 2002). Microphytobenthos is able
to modify nutrient fluxes to the water column (Eyre and Ferguson, 2002) and utilize small
organic compounds (Linares and Sundback, 2006), implying a serious impact on the available
nutrient stocks.

Our biomarker measurements indicate an important contribution of bacteria to the up-
take of dissolved organic compounds. Bacteria dominated carbon uptake from L-leucine
and L-phenylalanine, and contributed about 20% to glycine, urea and DIC uptake. Bacteria
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Table 5.3: Nitrogen uptake rates from this study (VN and ρN , the specific uptake rate and transport rate of nitrogen, respectively) and from literature.
All values are taken from graphs, text or were kindly provided by the first author, and converted to as few units as possible.

NH+
4

NO+
3

Urea Amino Acids DON Units Location

Suspended matter
VN 4574 ± 2497 2405 ± 2415 820 ± 519 3105 ± 2602 835 ± 409 nmol-N gDW−1 h−1

ρN 185 ± 36 109 ± 62 147 ± 58 7 ± 4.2 3561 ± 594 nmol-N l−1 h−1

Andersson et al. (2006) 48 - 112 7 - 35 30 - 45 29 - 40 nmol-N l−1 h−1 estuary
Middelburg and Nieuwenhuize (2000) 3 1 1 - 6 6 - 150 nmol-N l−1 h−1 estuary
Glibert et al. (1991) 100 - 350 10 - 100 5 - 90 nmol-N l−1 h−1 protected bay
Bode and Dortch (1996) 200 - 1600 500 - 2900 nmol-N l−1 h−1 exposed coast
Badr et al. (2008) 3000 ± 2000 nmol-N l−1 h−1 estuary
Kerner and Spitzy (2001) 3000 - 6000 nmol-N l−1 h−1 estuary
Mulholland et al. (2002) 2830 ± 280 1004 ± 10 nmol-N l−1 h−1 coastal bay
Tamminen and Irmisch (1996) 36 - 54 nmol-N l−1 h−1 coast
Kokkinakis and Wheeler (1987) 13 - 95 4 - 151 2 - 69 nmol-N l−1 h−1 upwelling region
Bronk (2002) 63.5 ± 92.8 134.8 ± 317.3 114 ± 142 nmol-N l−1 h−1 a

Tungaraza et al. (2003) 10 - 20 0 - 50 0 - 5 nmol-N l−1 h−1 offshore
Lepoint et al. (2004) 727 ± 827 270 ± 313 umol-N g-N−1 h−1 Mediterranean

coastal bay

Epiphytes
VN 563 ± 278 876 ± 541 608 ± 599 659 ± 531 39 ± 16 nmol-N gDW−1 h−1

Lepoint et al. (2004) 7.4 ± 7.6 5.3 ± 6.5 umol-N g-N−1 h−1 Mediterranean
coastal bay

Seagrasses
VN 338 ± 151 114 ± 47 110 ± 36 129.1 ± 96 13 ± 5 nmol-N gDW−1 h−1

ρN 18 ± 18 7.9 ± 5.9 32 ± 11 0.5 ± 0.6 68 ± 77 nmol-N l−1 h−1

Vonk et al. (2008) 1500 - 2850 330 - 1860 340 - 680 130 - 460 nmol-N gDW−1 h−1 offshore
Morris et al. (2008) 1070 - 4790 nmol-N gDW−1 h−1 protected bay
Lee and Dunton (1999) 1030 - 1840 770 - 1180 nmol-N gDW−1 h−1 protected bay
Cornelisen and Thomas (2004) 257 - 1131 118 - 225 nmol-N gDW−1 h−1 protected bay
Thursby and Harlin (1982) 2540 nmol-N gDW−1 h−1 protected bay
Lepoint et al. (2004) 3.7 ± 3.2 3.1 ± 4.6 umol-N g-N−1 h−1 Mediterranean

exposed bay

Macroalgae
VN 181 ± 115 217 ± 210 45 ± 53 228.7 ± 147 12 ± 8.9 nmol-N gDW−1 h−1

ρN 9.6 ± 6.8 12 ± 6.1 8.4 ± 7.5 0.8 ± 0.6 71 ± 82 nmol-N l−1 h−1

Vonk et al. (2008) 3340 - 5490 3400 - 5010 1670 - 2530 380 - 620 nmol-N gDW−1 h−1 offshore area
Probyn and Chapman (1982) 1199 1199 nmol-N gDW−1 h−1

Phillips and Hurd (2004) 220 - 1510 320 - 1240 120 - 1350 nmol-N gDW−1 h−1 rocky shore
Tyler et al. (2005) 165 15 - 21 nmol-N gDW−1 h−1 protected bay
Lepoint et al. (2004) 19 ± 16 19 ± 20 umol-N g-N−1 h−1 Mediterranean

coastal bay

aAverage over different types of locations
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also contributed to planktonic nitrogen uptake but always less than 35% (Fig. 5.5), and
a gradual increase in contribution was found for more complex compounds. Our results,
clearly illustrate the importance of the choice of label: 15N labeling of the molecule may
induce a phytoplankton associated bias, whereas the carbon skeleton is taken up by the
bacterial community.

5.4.3 Preference for different nitrogen substrates

Ammonium was preferred over NO−3 by most primary producers, whereas urea was taken
up to a smaller extent. Seagrasses did not prefer NO−3 over urea-N (Fig. 5.3). If the
correction for the amount of substrate nitrogen is weakened to a correction for the amount
of nitrogen-containing substrate (which is what primary producers see in the first place),
urea delivered more nitrogen than NO−3 per available molecule in the seagrasses and the
epiphytes. The epiphytes did not show a pronounced preference for inorganic nitrogen or
urea over amino acids (Fig. 5.3). Within the SPM compartment NH+

4 was exclusively taken
up by the phytoplankton (Fig. 5.5). The NO−3 uptake was only for 6% attributable to
bacteria, leaving the remaining 94% to the phytoplankton. As opposed to what is generally
believed (see Middelburg and Nieuwenhuize (2000) for an overview), heterotrophic bacteria
contributed more to NO−3 uptake than to NH+

4 uptake in our incubations.
The preferences for glycine and leucine, as indicated by the specific uptake rates nor-

malized to the amount of added substrate, were comparable to those for NO−3 and urea,
(Fig. 5.3). A clear preference pattern emerged, with glycine uptake dominating over leucine
uptake, and a low uptake of phenylalanine (Fig. 5.3). Total uptake of the individual amino
acids also reflected the decreasing preference (Fig. 5.4) with increasing complexity. This
gradient for seagrasses and epiphytes was less pronounced in the SPM because leucine was
preferred over glycine and phenylalanine, probably because of the large contribution of bac-
teria in SPM (Fig. 5.5). Preferences for simple N-rich amino acids over complex C-rich
amino acids were also observed for terrestrial plants (Harrison et al., 2007). The bacterial
contribution to 15N incorporation by SPM gradually increased from 0 - 6% for the inorganic
nitrogen compounds over urea, glycine, and leucine to 32% for phenylalanine (Fig. 5.5).
Note that the C/N ratio and the molecular weight also covary with the complexity in our
substrates.

DON was used by all primary producer compartments, particularly by SPM. In fact, the
planktonic uptake rate normalized to the amount of nitrogen was for algae-derived DON very
similar to that for NH+

4 . The macrophytic contribution to DON incorporation amounted to
only 5% of the total DON incorporation (Fig. 5.4). But in view of their overall low nitrogen
demand compared to that of SPM this could be expected. The specific DO15N uptake
rates per amount of substrate were in the seagrasses comparable to those for leucine, and
in the epiphytes comparable to the NO−3 and urea uptake rates. Algae-derived DON was
preferred over bacteria-derived DON (81% of the added amount ended up in the primary
producers; Fig. 5.4). Bacteria-derived DON uptake was most likely even overestimated
because substrate stuck to the filters.
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5.4.4 Carbon uptake relative to nitrogen uptake

Primary production (DIC incorporation) was dominated by the macrophytes, which ac-
counted for ≈85% of the total DIC uptake (Fig. 5.4). SPM only contributed ≈15% to DIC
uptake in both inorganic nitrogen additions (Fig. 5.4). These contributions are in perfect
agreement with values for the subtropics (Kaldy et al., 2002). Dominance of seagrasses over
phytoplankton in primary production is expected considering the larger biomass and C/N
ratio of the former relative to the latter (Duarte, 1995; Kaldy et al., 2002), although dom-
inance of epiphyte and phytoplankton production over seagrass production has also been
observed (Moncreiff et al., 1992). DIC incorporation into SPM was for 74% accomplished
by the phytoplankton, still leaving 26% for the bacterial portion (Fig. 5.5). Since carbon
fixing cyanobacteria were not present, DOC uptake by bacteria after exudation or leakage
from POC is the most likely pathway (Van den Meersche et al., 2004). DOM loss to the
water column occurs in phytoplankton (Carlson, 2002) as well as seagrasses (Findlay et al.,
1986).

Urea-C was taken up by all primary producers in similar quantities (Fig. 5.4), probably
owing to the high concentrations and a strong urease activity which led to significant labeling
of the NH+

4 and DIC pools. Not only bacteria, but also phytoplankton can utilize urea
by splitting it extracellularly or intracellularly (Price and Harrison, 1988). The bacterial
contribution to carbon incorporation from urea and glycine was similarly low as from DIC,
but carbon uptake from leucine and phenylalanine in the HAA pool was dominated by the
bacteria. The latter was also supported by the PLFA analysis (Fig. 5.5).

In contrast to the macrophyte-dominated DIC utilization, DOC uptake occurred almost
exclusively by the SPM. Considering the dominance of the macrophytes in DIC utilization,
it is likely that the SPM used the DOC either directly or immediately following remineral-
ization since the total uptake of carbon by the macrophytes in the DOM additions was very
low compared to the SPM. Both uptake of the total compounds and uptake of parts after
breakdown have been documented for phytoplankton (Palenik and Morel, 1991; Legrand
and Carlsson, 1998).

5.4.5 From experiment to ecosystem

Comparing the area-specific nutrient stocks with the total uptake of substrate in the same
water column, it is obvious that most of the substrates would be depleted even within half
a tidal cycle in the absence of fluxes replenishing the substrate pools (Tab. 5.2). Although
the calculation of turnover rates is imprecise due to the accumulation of measurement error,
those for Zostera noltii and Cymodocea nodosa fell within the range reported by Lee and
Dunton (1999) for Thalassia testudinum. Although nutrient limitation is largely species
specific (Udy and Dennison, 1997) and should be assessed using proper methods (see for
instance Downing et al., 1999), our results underline this possibility for Càdiz Bay. In
addition, the nitrogen content of the seagrasses (data not presented) was generally below
1.8%, the approximate limit indicated by Duarte (1990). Irrespective of the presence or
absence of nitrogen limitation, our calculations illustrate the vital role of benthic fluxes to
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the water column and fast remineralization in the canopy and underlying sediment in Càdiz
Bay.

Organic nitrogen uptake exceeds by far that of inorganic nitrogen. Note, however, that
the absolute DON uptake values are based on the assumption that all DON present in the
water column is of algal origin and of the same composition as the added substrate, both
unrealistic assumptions. However, reported DON remineralization rates are very similar to
the total uptake rates found here (Tab. 5.2); Kerner and Spitzy (2001) reported a DON
removal rate of 43 µg N l−1 h−1, corresponding to 11 mmol m−2 h−1 under the assumptions
used in this study (cfr. section 5.2.5). Similarly, Badr et al. (2008) reported a removal of
12% h−1 for estuarine DON, corresponding to 7.3 mmol m−2 h−1 in our system. These rates
would be enough to supply all the NH+

4 and NO−3 needed to compensate for the uptake of
DIN in the bay.

This study has revealed a strong exploitation of the DON pool by both macrophytes and
microbes in a temperate seagrass meadow. All primary producers distinguished between
individual organic compounds, and preferences were potentially related to the structural
complexity. These are strong indications for direct uptake of DON compounds by the
primary producers in addition to bacterial remineralization. Our results show that recycling
fluxes are not only very high, but also that there are different pathways. More research is
needed to gain insight into the ins and outs of DON in general, and in seagrass and other
macrophyte-dominated systems in particular. Biomarker-based research and utilization of
multiple isotope tracers to characterize different pathways at once is one promising but
currently underused strategy.
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6. Dissolved organic matter

uptake in

macrophyte-dominated marine

sediments: nitrogen retention

and partitioning among algae,

bacteria, roots, and shoots

Van Engeland T., T. J. Bouma, E. P. Morris, F. G. Brun, G. Peralta, M. Lara, I. E.

Hendriks, P. van Rĳswĳk, B. Veuger, K. Soetaert & J. J. Middelburg. (In prep.)

Abstract - Seagrasses enhance their nutrient acquisition by trapping suspended particulate nu-
trients and stimulation of heterotrophic reworking in the sediment. Although regenerated production
is a key aspect of seagrass ecosystems, the mechanisms behind nutrient regeneration are only super-
ficially understood. We used a set of dual-labeled (13C and 15N) dissolved (in)organic nitrogenous
compounds to assess nitrogen retention and regeneration in macrophyte-dominated sediments. Two
seagrass species (Zostera noltii and Cymodocea nodosa) and one macroalga (Caulerpa prolifera)
were studied. Among the simple substrates tested, ammonium and glycine nitrogen were the most
retained after 24 hours of incubation in the field. Leucine and phenylalanine nitrogen were retained
to a lesser degree. Of a complex substrate consisting of algae-derived dissolved organic matter a
fraction similar to that of ammonium and glycine was retained in the sediment-macrophyte system.
Macrophyte 15N uptake exhibited a similar pattern, with highest values in the NH+

4 and glycine

additions. Concentrations of 15N were similar in aboveground and belowground tissue, indicating
allocation within the macrophytes according to biomass. Biomarker measurements (phospholipid-
derived fatty acids, PLFA; D-alanine) indicated that in sediments carbon was exclusively taken up by
bacteria and directed predominantly towards PLFAs, whereas nitrogen was taken up by the primary
producers (i.e. macrophytes and microphytobenthos) and built into hydrolysable amino acids. 13C
enrichment in bacterial PLFAs was highest in the leucine treatments, whereas some algal PLFAs ex-
hibited maximal enrichment according to carbon content of the amino acid added (glycine < leucine
< phenylalanine), providing some evidence that regenerated DIC was the main (but quantitatively
not significant) carbon source for microphytobenthos. Seagrasses received organic matter-derived
carbon through the root system, in proportions dictated by the substrate C/N ratio. Our experiment
illustrates compound-specific organic matter retention and destination of regenerated nitrogen.
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6.1 Introduction

Seagrasses and rooting macrophytes can take up substantial amounts of nitrogen from the
sediment (Pedersen and Borum, 1993; Lepoint et al., 2002b). In temperate oligotrophic
seagrass systems, detritus-derived nitrogen is the most important fixed-nitrogen source since
benthic nitrogen fixation is limited (Welsh, 2000). Although N-losses due to benthic efflux
and coupled nitrification-denitrification are significant (Hemminga et al., 1991), the nitrogen
retention in seagrass systems is stronger than in unvegetated sediments, and detritus-derived
nitrogen can be quickly transferred to the seagrasses (Evrard et al., 2005; Barron et al., 2006).

Nitrogen recycling from detritus (PON) usually occurs through dissolved organic nitro-
gen (DON) as intermediate (Bronk, 2002). The DON can be taken up as such or can be
remineralized to dissolved inorganic nitrogen (DIN) before uptake. In seagrass research, it
is usually assumed that remineralization of DON to DIN is “the” pathway to organisms (see
for instance Boon et al., 1986). However, Vonk et al. (2008) recently reported a quick root-
mediated uptake of nitrogen from small organic compounds by tropical seagrasses. However,
they did not distinguish between amino acid uptake and ammonium uptake after deamina-
tion, as would be possible when using dual-labeled (13C and 15N) compounds (Mulholland
et al., 2004; Tyler et al., 2005; Andersson et al., 2006; Harrison et al., 2007). Nevertheless,
glutamate uptake was demonstrated for an axenic culture of Halophila decipiens (Bird et al.,
1998), which makes direct uptake of a wider spectrum of compounds plausible.

Beside seagrasses, many other organisms can utilize DON compounds (Bronk et al.,
2007). Given the high productivity in seagrass systems and the low C/N ratio of micro- and
macroalgae living within these seagrass ecosystems, competition for nitrogen is conceivable
(e.g. Plus et al., 2003). In addition, heterotrophic bacteria are the main drivers behind
remineralization, but they may compete with seagrasses for nitrogen when their growth is
nitrogen-limited (Lopez et al., 1998). Soil bacteria have also been shown to be competitive
with terrestrial plants for amino acids (Bardgett et al., 2003).

The retention and fate of nitrogen in sediments will depend on the consumers and the
processes. Retention is compound-specific (Veuger et al., 2006), and will most likely depend
on the usefulness of the compounds to organisms. Nitrogen consumers differ in their up-
take capabilities and preferences for particular compounds (Admiraal et al., 1987; Lomstein
et al., 1998; Berg et al., 2003; Vonk et al., 2008). Some primary producers can utilize or-
ganic nitrogen directly, whereas others rely on bacterial remineralization. This can result
in either coupled or uncoupled uptake of carbon and nitrogen (Tyler et al., 2005; Veuger
and Middelburg, 2007). It is currently unknown (1) how much of the bioavailable nitrogen
in sediments is directed towards different sinks (i.e. macrophytes, bacteria, microphytoben-
thos, sediment), (2) in which form the nitrogen enters the respective compartments, and (3)
if (or for which compounds) carbon and nitrogen uptake are (partially) coupled.

We investigated the retention and fate of dissolved inorganic (DIN) and dissolved organic
nitrogen (DON) compounds in temperate macrophyte-dominated beds with two seagrass
species (Zostera noltii and Cymodocea nodosa) and a rooting macroalga (Caulerpa prolifera).
Ammonium additions served as reference. The use of dual-labeled (13C and 15N) amino acids
allowed us to track the fate of the carbon and nitrogen separately, and to assess their coupling
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in the different components of macrophyte-sediment systems. Three amino acids of varying
molecular structure and complexity were followed to assess the compound-specificity of use,
retention, and partitioning among micro-organisms and macrophytes. Biomarker analyses
(polar lipid-derived fatty acids; PLFA, and D-alanine) enabled us to estimate bacterial
contributions to microbial assimilation. In addition, a complex substrate derived from an
axenic algal culture was used to mimic the highly complex DON pool found in natural
sediments.

6.2 Materials and Methods

6.2.1 Field experiment and sample processing

This in situ incubation experiment was conducted in August 2007 in the inner bay of Cadiz,
which is dominated by two seagrass species (Zostera noltii and Cymodocea nodosa) and one
small rooting macroalga (Caulerpa prolifera). One of five substrates was added to sediments
around subtidal Zostera noltii, Cymodocea nodosa, or Caulerpa prolifera individuals, and
left to incubate for 24 hours under calm weather (Tab. 6.1). For each species-treatment
combination three replicate incubations were set up.

A total volume of 1 ml, containing the amount of substrate indicated in table 6.1 was
injected in situ at four points 1 cm from the base of the plant. The needle was pushed 5
cm into the sediment, and while slowly retracting the syringe the substrate was injected,
thus creating a more or less homogeneous vertical distribution over the upper 5 cm of the
sediment. After 24 hours of incubation, the sediment including the plant was sampled to a
depth of 10 cm by pressing in a tube of 4.2 cm inner diameter. The sediment cores were
left in the tubes after removal of the overlying water. They were frozen at -20 °C within the
hour until further processing. We decided not to press in the core tubes before the sediment
injections to avoid artifacts from cutting plants and altered pore water flow. This, however,
implies that the substrate could diffuse away from the direct vicinity of the plant, and that
sampling only recovered part of the remaining substrate. In this sense our estimates of
nutrient retention in the sediment are minimum but realistic estimates.

During processing the sediment cores were subdivided into two layers: the upper 2 cm and
the remainder (2-10 cm), further referred to as the top layer and the bottom layer, respec-
tively. After freeze drying, the plant material was separated from the sediment. Distinction
was made between aboveground and belowground macrophyte material. Dry weights were
determined, and the tissue was ground to a fine powder. Note that it was not feasible to
remove all the plant material (e.g. hair roots) from the sediment due to the brittleness
of the plant material after freeze drying. This means that part of the enrichment in the
sediment may be due to uptake in the roots of macrophytes, rather than microbial biomass
or adsorption.
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Table 6.1: The substrates (Cambridge Isotope Laboratories, CIL) used for this experiment. For the protocol of DON preparation we
refer to Veuger et al. (2004). For the amino acid composition of the complex DOM substrate we refer to chapter 4.4.4.

Treatment Abbreviations Labeled substrates Added amount

1 NH+
4 NH+

4 NH4Cl (15N, 99%) 2.7 µmol-15N

2 Glycine Gly Glycine (U13C2, 98%; 15N , 98%; c/n = 2) 2.7 µmol-15N

3 Leucine Leu L-Leucine (U13C6, 98%; 15N , 98%; c/n = 6) 2.7 µmol-15N

4 Phenylalanine Phe L-Phenylalanine (U13C9, 98%; 15N , 98%; c/n = 9) 2.7 µmol-15N

5 Algae-derived DOM DOCAlg DOC (8.33% 13C) 0.5 µmol-13C

(= DOMAlg) DONAlg DON (65.78% 15N) 0.5 µmol-15N
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6.2.2 Chemical analyses

The macrophytes and sediment samples were analyzed for carbon and nitrogen content and
isotopic composition using a Thermo EA 1112 elemental analyzer coupled to a Thermo
Delta V Advantage isotope ratio mass spectrometer with a Conflo II interface (EA-IRMS;
Vonk et al., 2008). The concentrations and isotope composition of carbon and nitrogen in
the sediment hydrolysable amino acids (HAA) were determined by gas chromatography-
combustion-isotope ratio mass spectrometry (GC-c-IRMS) using a HP 6890 GC with a
Thermo type III combustion interface and Thermo Delta Plus IRMS after extracting and
derivatizing the amino acids (Veuger et al., 2005). Following PLFA (polar lipid-derived fatty
acid) extractions and derivatization to fatty acid methyl esters (FAME) by a modified Bligh
and Dyer protocol (Boschker et al., 1999), FAME concentrations were measured using gas
chromatography-flame ionization detection (GC-FID) after separation on a polar column
(Scientific Glass Engineering BPX-70; Middelburg et al. 2000). 13C FAME isotope ratios
were measured on a HP 6890 GC gas-chromatograph with a Thermo type III combustion
interface and Thermo Delta Plus isotope ratio mass spectrometer (GC-c-IRMS). Sediment
grainsize distribution parameters were determined using a Malvern 2000 Laser Particle Sizer.

6.2.3 Calculations & statistics

Results on isotopic compositions are all based on atomic fractions (F
15N and F

13C). The
occurrence of uptake was investigated using t-tests to test the difference between the heavy
isotope fractions in the treatment samples (Fsample) relative to the natural heavy isotope
fractions in the natural abundance samples (Freference). Isotope excesses were calculated as
the difference Esample = Fsample - Freference. Since the incubations lasted for 1 day, these
excesses can be considered either dimensionless or as average specific uptake rates of heavy
isotope per day (d−1). Total incorporation of heavy isotope in the macrophytes resulted
from the multiplication of the fractional excess by the nitrogen (or carbon) content, and was
expressed in µmol-15N (or 13C). Retention in the sediment was calculated as the product
of the organic nitrogen (and carbon) concentration and the fractional excess in 15N (and
13C) in the sediment, and was expressed in µmol-15N (or 13C) g DW−1

sed. Incorporation
in microbial (bacterial or microphytobenthos) biomass, PLFA (phospholipid-derived fatty
acids) or HAA (hydrolysable amino acids) was as the product of the relevant concentrations
(microbial carbon, PLFA carbon, amino acid carbon or nitrogen) and the fractional excess
in the relevant biomarker or biotic compartment. In analogy with the fractional excesses,
the total incorporation is either interpreted as an amount taken up, or as a transport rate
sensu Dugdale and Wilkerson (1986) expressed on a per-day basis. Macrophyte total uptake
rates were divided by the dryweight to obtain dryweight-normalized specific uptake rates
of heavy isotope. Contributions to total retention in the macrophyte-sediment system were
calculated by dividing individual total incorporations per compartment by the sum over
the compartments studied, after the biomarkers and sediment incorporation values were
integrated over the relevant sediment layer (multiplication by the dryweight of the sediment
layer).
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Bacterial biomasses were calculated from PLFA (polar lipid-derived fatty acid) concen-
tration as:

Bact =
∑

PLFAbact−spec/(a× b),

with PLFAbact−spec = the concentrations of bacteria specific PLFAs (iC15:0, aiC15:0, iC16:0,
iC17:0, C18:1ω7c; in µmol g DW−1

sed), a = 0.073 mmol bacterial PLFA-C per mmol bacterial
C, and b = 0.28 mmol bacteria-specific PLFA-C per mmol bacterial PLFA-C (Brinch-Iversen
and King, 1990; Moodley et al., 2000; Evrard et al., 2008). Microphytobenthos biomass was
calculated from PLFA concentrations as:

MPB = (
∑

PLFAall −
∑

PLFAbact−spec/b)/c,

with
∑

PLFAall the total concentration of PLFAs in the sediment and c = 0.062 mmol PFLA-
C per mmol microalgal C (Dĳkman and Kromkamp, 2006a). 13C incorporation into bacterial
and microalgal biomass (bacteria + microphytobenthos)was calculated by multiplying the
13C excesses (atomic fractions) with the PLFA concentrations in the presented formulae.

Bacterial contributions to amino acid 13C and 15N uptake were measured by means of
incorporation in D-alanine (a bacterial biomarker) relative to incorporation in L-alanine
(present in both prokaryotes and eukaryotes), assuming a bacterial D-alanine-to-L-alanine
ratio of 0.065 (Veuger et al., 2005, 2007). Incorporation of nitrogen and carbon into microbial
biomass was estimated by means of excesses in HAA (hydrolysable amino acids; EHAA) as
follows:

I15N = Bactfrac×
∑

E
15N
HAA/0.53 + (1−Bactfrac)×

∑

E
15N
HAA/0.67

I13C = Bactfrac×
∑

E
13C
HAA/0.44 + (1−Bactfrac)×

∑

E
13C
HAA/0.38

with Bactfrac the bacterial fraction in microbial biomass, based on PLFA data (Bact/(MPB
+ Bact)). The conversion factors were based on data from (Cowie and Hedges, 1992; 0.38
HAA-C/OC and 0.67 HAA-N/ON for microalgae, and 0.43 HAA-C/OC and 0.53 HAA-
N/ON for bacteria). These calculations represent essentially the weighted average of the
incorporation under the assumption of an incorporation by bacteria only and incorporation
by microphytobenthos only, with their share in total microbial biomass, based on PLFA
data, as weights.

All calculations were performed in the statistical package R (R Development Core Team,
2009). Significance tests were performed using the gls-function in the nlme package for R
(Pinheiro et al., 2008).

6.3 Results

6.3.1 Characterization of the macrophytes and their sediment

The carbon content of Caulerpa prolifera tissue was significantly higher than that of sea-
grasses (t-test, p < 0.0001). The higher nitrogen content of Caulerpa prolifera relative to
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seagrasses was even more pronounced (Tab. 6.2). Overall Caulerpa prolifera had a much
lower C/N ratio than the seagrasses (Tab. 6.2).

The organic matter content of the Caulerpa prolifera sediment was 20 times higher than
that of the seagrass sediments, both in terms of carbon and nitrogen (Tab. 6.2). The C/N
ratios, based on the organic matter concentrations, were rather close to Redfield values,
with a small carbon excess. In contrast to the sandy character of the seagrass sediment, the
Caulerpa prolifera sediment was black silty mud (Tab. 6.2) with a strong sulphide smell,
indicating sulphate reduction.

PLFA concentrations were roughly twice as high in the Caulerpa prolifera sediment,
compared to the seagrass-inhabited sediments (data not shown). The most abundant PLFA
(phospholipid-derived fatty acid) marker was C16:0 (present in most microalgae and bac-
teria), independent of the macrophyte species. In the seagrass sediments the next most
abundant marker was C16:1ω7c, abundantly present in diatoms, followed by C18:1ω7c, a
proxy for gram-negative bacteria in sediments. However, in the Caulerpa prolifera sediment
the bacterial marker C18:1ω7c was more abundant than the diatom marker C16:1ω7c. The
bacterial markers aiC15:0 and iC15:0 were in this (presumed highly anoxic) sediment the
fourth and fifth in abundance, whereas their relative abundance in the seagrass sediment
was lower. Microbial biomass (bacteria + microphytobenthos), estimated from the PLFAs,
was largest in the Caulerpa prolifera sediment, but contributed the least to sediment total
organic carbon (Tab. 6.2).

6.3.2 Nitrogen and carbon retention in the sediment

In the top layer of the sediment (upper 2 cm) 15N excesses over natural abundances were
significant in all treatments and for each macrophyte species (Fig. 6.1). The 15N recovery
in the NH+

4 and glycine additions were generally comparable in magnitude (Fig. 6.1).
The extent of amino-N recovery decreased in the order glycine > leucine > phenylalanine,
according to their molecular weight, complexity and C/N ratio (2, 6, and 9 respectively).
After 24 hours of incubation the DO15NAlg concentration was higher in the sediment than
phenylalanine 15N but lower than for the other amino acids (Fig. 6.1). This was probably
due to the added quantity of DOM being smaller than for all other substrates (Tab. 6.1).

For the additions of dual-labeled substrates bulk 13C excesses in the sediment top layer
were generally significant (Fig. 6.1). After 24 hours the highest 13C recovery was observed
for leucine carbon. The dryweight-normalized 13C recovery was related to the 15N retention
by the substrate C/N ratio (Fig. 6.1; red crosses), but tended to be slightly lower than
predicted from the nitrogen (Fig. 6.1; red crosses), indicating some loss of C. This difference
was statistically significant in the sediment top layer for the glycine additions to Zostera

noltii and the glycine, leucine and phenylalanine additions to Cymodocea nodosa (Paired
t-test; p <= 0.02 for all). The differences in the glycine and leucine additions to Caulerpa

prolifera were not significant (Paired t-test; p = 0.07 for both). The bottom layers of the
sediment cores exhibited similar patterns (data not shown) but the signals were generally
weaker, due to dilution effects (the syringe needle did not penetrate to the lower end of the
bottom layer).
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Table 6.2: Carbon and nitrogen content, and C/N ratios of the macrophytes (average of aboveground and belowground tissue) and the sediment
(top layer only), and microbial biomass (bacteria + microphytobenthos) and contribution to total organic carbon in the sediment, based on PLFA
data. All numbers, except the median grainsize of the sediment, are expressed as average ± standard deviations.

Zostera noltii Cymodocea nodosa Caulerpa prolifera

M
ac

ro
ph

yt
es C-content

(µmol-C g DW−1
tissue)

12285 ± 2502 13603 ± 3493 16775 ± 3435

N-content
(µmol-N g DW−1

tissue)

564 ± 278 626 ± 312 1413 ± 397

C/N ratio 26 ± 9 26 ± 11 12 ± 3

Se
di

m
en

t

C-content
(µmol-C g DW−1

sed
)

110 ± 20 103 ± 23 2294 ± 698

N-content
(µmol-N g DW−1

sed
)

14.7 ± 4.0 13.5 ± 4.1 264 ± 52

C/N-ratio 7.7 ± 1 7.9 ± 1.4 8.6 ± 1.5

Microbial biomass
(µmol-C g DW−1

tissue)

15.5 ± 3.4 10.3 ± 1.7 30 ± 13

Microbial contribution to TOCsed
(wt%)

16 ± 5 10 ± 2 1.5 ± 0.6

Median grainsize
(µm)

267 252 65
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Figure 6.1: 15N and 13C recovery from the top layer of the sediment (upper), belowground tissue (middle), and aboveground tissue (lower) of the three
macrophytes after 24 hours of incubation. The red crosses in the 13C panels represent the theoretically expected excess of 13C, based on the C/N ratio
of the substrates and the total 15N uptake.
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6. DON uptake in sediments

Table 6.3: Specific nitrogen uptake rates in the macrophytes for the various substrates, expressed
in nmol-N gDW−1 d−1 (mean ± sd).

Substrate Zostera noltii Cymodocea nodosa Caulerpa prolifera

NH+
4 185 ± 62 107 ± 63 121 ± 61

Gly 210 ± 53 79 ± 28 141 ± 19
Leu 76 ± 47 49 ± 23 67 ± 37
Phe 29 ± 13 20 ± 7 33 ± 11
DONAlg 42 ± 9 32 ± 9 18 ± 5

6.3.3 Nitrogen and carbon uptake by the macrophytes

In the belowground parts of the macrophytes significant 15N excesses over the natural back-
ground isotope abundance existed for each of the treatments and plants (Fig. 6.1; middle
row). The overall pattern in dryweight-normalized total 15N uptake was similar to that of
the surrounding sediment. The strongest N uptake occurred in the NH+

4 and glycine addi-
tions, followed by the leucine and phenylalanine additions (Fig. 6.1). The 15N uptake per
gram of dryweight in the DONAlg additions were of the same order as those in the leucine
and phenylalanine additions (Fig. 6.1). The belowground parts of Zostera noltii consistently
showed a higher uptake, relative to the other macrophytes. The difference between Caulerpa

prolifera and Cymodocea nodosa were not significant, but tended towards stronger uptake
by Cymodocea nodosa. The aboveground parts generally exhibited significant excesses in
15N (Fig. 6.1; lower row).

The Z.noltii and Caulerpa prolifera belowground parts showed no significant 13C ex-
cesses, which seemed attributable to a lack of statistical power rather than the absence of
uptake in case of Zostera noltii, since a similar pattern as for Cymodocea nodosa was ap-
parent (Fig. 6.1). For the same reason, the aboveground Zostera noltii tissue did show a
significant 13C uptake from leucine and phenylalanine. Again nitrogen uptake was a good
predictor of the carbon uptake from the presented dual-labeled substrates by the seagrasses,
but not in Caulerpa prolifera due to very low C uptake (red crosses; Fig. 6.1). Losses (dif-
ferences between observed and expected uptake, based on the substrate C/N ratio and the
nitrogen uptake) were not significant due to large variability in the expected values. The
15N excesses in the macrophytes after addition of DOMAlg substrate were significant but
low. This is in part due to to lower amount of added label (0.50 µmol-15N and 0.5 µmol-13C
as opposed to the 2.7 µmol-15N in the NH+

4 and amino acid treatments).

6.3.4 Nitrogen and carbon uptake by the microbial community

Bacterial carbon incorporation based on the phospholipid-derived fatty acid (PLFA) data
followed the pattern of bulk 13C retention in the top layer of the sediment (Fig. 6.1 and
6.2), with maximal values in the leucine treatments for all species. Statistically significant
excesses were found for the amino acid treatments (Mixed model ANOVA with random
macrophyte species-effect, p < 0.05 for each amino acid). Microalgal 13C uptake was in
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none of the treatments statistically significant (data not shown). Nevertheless, individual
microalgal markers showed 13C excesses with particular substrates (Fig. 6.3)
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Figure 6.2: Total 13C incorporation in bacterial
biomass, based on PLFA data, normalized per gram
of sediment dryweight.

Individual PLFA markers exhibited differential uptake patterns. The bacterial mark-
ers (e.g. iC15:0, aiC15:0, C18:1ω7c) showed a maximal 13C excess in the leucine additions
(shown for aiC15:0 in Fig. 6.3), whereas C18:2ω6c (abundant in the algal taxa Chlorophyceae
and Trebouxiophyceae) exhibited a maximal specific 13C uptake rate in the phenylalanine
treatment (Fig. 6.3). A principal component analysis (data not shown) revealed an associa-
tion of this marker alone with phenylalanine carbon excesses, irrespective of the macrophyte
species, and the respective sediment types. The mono-unsaturated fatty acid C16:1ω7c and
poly-unsaturated fatty acid C20:5ω3, which are abundantly present in diatoms, exhibited
maximal specific 13C uptake rates in the glycine and leucine treatments of the seagrasses.

Nitrogen and carbon incorporation in hydrolysable amino acids (HAA) was stronger in
the silty Caulerpa prolifera sediment than in the sandy seagrass sediment (data not shown).
Microbial nitrogen incorporation in biomass differed significantly between the macrophyte
species (ANOVA, F2,9 = 4.6, p = 0.04). The C/N ratio of total incorporation of nitrogen and
carbon into the HAA pool increased with increasing substrate C/N ratio (in the seagrasses:
0.3 ± 0.1, 0.94 ± 0.1, and 1.7 ± 0.4, and in Caulerpa prolifera 3, 4, and 11 for glycine, leucine
and phenylalanine respectively). Excess 13C in D-alanine, did not exceed the racemization
background, implying that incorporation of carbon in bacterial amino acids is small.
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Figure 6.3: Specific 13C uptake rates in individual PLFA markers, averaged over macrophytes species.
These markers represent different biotic groups (aiC15:0 : bacterial; C18:2ω6c algal; C16:1ω7c and
C20:5ω3: diatom). The NH+

4
treatment did not receive labeled carbon and can be considered a

reference for the natural abundance and variability in the isotope composition of the markers.
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6.3.5 Nitrogen and carbon partitioning in the sediment

Less than half of the added nitrogen was recovered in the sediment plots 24 hours after nu-
trient addition (Fig. 6.4). Algae-derived DOM (both DOCAlg and DONAlg) was efficiently
kept within the macrophyte-sediment system. The highest retention of DOMAlg occurred in
the Cymodocea nodosa-sediment system. The other substrates were most efficiently retained
by the Zostera noltii-sediment system (Fig. 6.4). In the seagrasses, the 15N was predomi-
nantly accumulated in the belowground parts, whereas Caulerpa prolifera accumulated the
15N in the aboveground parts (assimilators and stolons; Fig. 6.4). This is not surprising
considering the small contribution of their rhizoid system to their overall biomass. For the
seagrasses the fraction of DONAlg taken up after 24 hours of incubation was comparable to
the fraction of NH+

4 or glycine nitrogen taken up (Fig. 6.4).
In the Caulerpa prolifera-sediment system only the DOCAlg was kept within the sediment,

whereas other substrate carbon was almost entirely lost. This seems to disagree with figure
6.1, with minimal enrichment in the DOMAlg addition. This may be attributed to the low
addition of DOM compared to the other substrates and the high water content of the silty
Caulerpa prolifera sediment compared to the sandy seagrass sediments, implying a lower
(specific) mass in the core. Bacterial contributions were dominant in carbon incorporation,
whereas algal contributions were dominant in nitrogen acquisition. Of the total amount of
carbon and nitrogen stored in the sediment only a part was present in microbial biomass.
The sum of the bacterial and microalgal 13C and 15N incorporation (thin bars inside black
bars in figure 6.4) was in all cases smaller than the total amount recovered from the sediment
(black bars in figure 6.4), which is in part attributable to the incomplete recovery of plant
tissue (i.e. fine hair roots) from the sediment and the adsorption of substrate to sediment
particles.

6.4 Discussion

6.4.1 Nitrogen retention and partitioning

After 24 hours of incubation we recovered significant fractions of the injected inorganic and
organic nitrogen from the sediment-macrophyte systems. A substantial part thereof was
found in the belowground and aboveground tissue of the macrophytes, indicating a quick
transfer of nitrogen from the sediment to the macrophytes and a quick translocation from
the belowground to the aboveground parts. These results are in line with earlier findings
by Evrard et al. (2005) for tropical seagrasses and Barron et al. (2006) for Mediterranean
seagrasses, both based on particulate organic matter additions.

The total recovery, however, differed between substrates, with highest recoveries of NH+
4

and glycine. This pattern was similar for retention in the sediment and the specific uptake
rates in the macrophytes. The similarity in recovery and uptake rates of NH+

4 and glycine
suggests that the substrates were treated in a similar fashion (i.e. a common pathway). Boon
et al. (1986) also observed a quick deamination of glycine in sediment inhabited by Zostera

capricorni, and a subsequent complete uptake of the NH+
4 . A quick glycine deamination
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Figure 6.4: Nitrogen and carbon partitioning between different compartments of the macrophyte-sediment
systems, expressed as percentages of the total amount taken up. Above the bars the percentage of injected
substrate retained are indicated.

combined with an ammonium transport as the dominant limiting factor for the uptake, can
indeed explain the similar retention and uptake for NH+

4 and glycine in our study. This is
also in line with the similarity in contributions of macrophytes and microalgae (Fig. 6.4),
and their dominance in 15N uptake from these sources. Bacterial incorporation of glycine
N and ammonium was negligible, but glycine C was predominantly taken up by bacteria.
In addition, the uptake of nitrogen but not carbon by Caulerpa prolifera supports this
hypothesis.

The fraction of retained amino nitrogen in the macrophytes-sediment system decreased
with increasing substrate complexity (Fig. 6.4; glycine> leucine> phenylalanine). However,
other factors have to be considered. Their molecule weight, hence diffusion coefficients
(Burdige et al., 1999), and C/N ratio also increase with their complexity. In addition, the
relative abundance of these hydrolysable amino acids in biota decreases in the order glycine
> leucine > phenylalanine (Cowie and Hedges, 1992), and presumably their reactivity and
number of pathways starting from the respective amino acid as well. A phenyl-(or benzene-
)ring is considered chemically very stable, whereas glycine is achiral and offers the most
possibilities to modify. The amino acid concentrations in the sediment, the belowground and
the aboveground plant tissue (and hence their apparent specific uptake rates) all decreased
in this order (Fig. 6.1). In addition, bacterial contributions to microbial N incorporation
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6.4. Discussion

increased for more complex amino acids (glycine < leucine < phenylalanine; Fig. 6.4).
The recovered DO15NAlg concentration (and absolute amount) in the sediment was low

due to the almost six times lower amount added, relative to other substrates (Fig. 6.1;
Tab. 6.1). Normalization of the nitrogen concentration to the added amount revealed a
high fraction of DO15NAlg recovered (Fig. 6.4). Note, however, that diffusive losses of
the complex DON substrates are most likely lower due to the larger size of the molecules
involved, implying a smaller diffusion rate (Burdige et al., 1999). The fraction of DO15NAlg
recovered from the highly organic and muddy Caulerpa prolifera sediment was unexpectedly
lower than from the sandy seagrass sediments, despite the expected lower diffusion and
lower heterotrophic activity in the latter. This was entirely due to the low specific mass of
the mud matrix. The DO15NAlg concentration (in µmol gDW−1) was higher than in the
seagrass sediment.

The total amount of 15N allocated in roots and aboveground tissue more or less tracked
the biomass in these organs. The highest percentage of total nitrogen uptake was found
in the seagrass roots and the Caulerpa prolifera aboveground tissue (Fig. 6.4). Given that
some macrophytes, among which Cymodocea nodosa, may store nitrogen in their rhizomes
(Invers et al., 2002), this suggests that little storage took place at that time.

Total nitrogen recovery in our study range from 6 to 45 %, which is considerably lower
than that reported by Barron et al. (2006). However, their coring tubes were inserted prior
to injection, preventing lateral transport through diffusion (but resulting in a homogeneous
horizontal distribution). In addition, Barron et al. (2006) added particulate organic matter
(POM), which can not diffuse away from the injection location and provides DOM over a
prolonged period of time through a steady, slow enzymatic hydrolysis. Furthermore, by only
sampling the upper 2 cm in a radius of 2 cm around the plant, we took only a subsample of
what was present in the plant and sediment (diffusive transport lateral and deeper into the
sediment). Our retention estimates should hence be considered minimal estimates.

Caution is needed in comparing uptake rates without information on background concen-
trations. Different substrate background concentrations imply different relative abundance
of the added heavy isotope, and hence different isotope ratios depending on the substrate.
Assuming absence of isotope fractionation during uptake, and given the equal amounts of
the different substrates, this would lead to lower uptake rates of heavy isotopes in the sub-
strates with higher background values (Harrison et al., 2007, 2008; von Felten et al., 2008).
However, assuming concentrations of 7.5 - 12.5 µmol l−1, 0.6 - 1 µmol l−1, and 1.8 - 3 µmol
l−1 for glycine, leucine, and phenylalanine respectively, based on results from Hansen et al.
(2000) for an Australian seagrass system, dilution effects would actually counteract the ob-
served gradient in specific 15N uptake. In addition, assuming a sediment porosity of 50 - 70
%, typical for the inner bay of Cadiz (Ligero et al., 2005), and using these concentrations,
our added amounts of substrate would be 5 - 140 times higher than the amounts present,
implying minimal dilution effects. However, the high additions imply that 15N uptake rates
in our incubation should be considered potential uptake rates (Tab. 6.4).

Nevertheless, our data (Tab. 6.3) were in good agreement with literature values (Tab.
6.4). Our rates of NH+

4 and glycine-N utilization in the Zostera noltii plots (e.g. 0.29 ± 0.1
µmol cm−3 d−1 for NH+

4 ) fell in the range of those reported by Boon et al. (1986) (0.21 -
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Table 6.4: Reference values of specific uptake rates (converted to µmol
gDW−1 d−1) of seagrass roots. Ranges are calculated from the kinetic
parameters for the ammonium concentrations 30 - 100 µmol l−1.

Reference Specific uptake

rate

Species

Boon et al. (1986) 2.5 - 4.4 Zostera capricorni

Lee and Dunton (1999) 23 - 133 Thalassia testudinum

Lepoint et al. (2002b) 830 ∗ Posidonia oceanica

Stapel et al. (1996) 528 Thalassia hemprichii

Thursby and Harlin (1982) 258 - 565 Zostera marina

Thursby and Harlin (1984) 878 - 1108 Ruppia maritima

Vonk et al. (2008) 7 - 22

Thalassia hemprichii,

Halodule uninervis,

Cymodocea rotundata
∗ in µmol-N g −1

tissueN
d−1

0.39 µmol cm−3 d−1), supporting the validity of our measurements. However, the specific
uptake rates of the seagrasses were roughly an order of magnitude lower in our experiment
(Tab. 6.4), but Boon et al. (1986) reported N uptake, whereas we calculated 15N uptake.
Assuming a pore water NH+

4 concentration of 30 - 50 µmol l−1 (Gómez-Parra and Forja,
1993), our specific NH+

4 uptake rates (2.5 - 3 µmol-N gDW−1 d−1) are similar to those of
Boon et al. (1986). Overall our NH+

4 specific uptake rates (1.1 - 3.4 µmol-N gDW−1 d−1)
were at the lower end of the distribution of literature values (Tab. 6.3 and 6.4).

The root-mediated amino acid specific uptake rates in our incubations were two orders
of magnitude lower than those reported by Vonk et al. (2008) (13 - 30 µmol N gDW−1 d−1).
However, their experiment only lasted for 1 hour and was performed in a water reservoir
under laboratory conditions, implying that transport limitation and dilution over time was
not an issue. In contrast, a set of incubations using the species and substrates from this
study in a laboratory setting with roots put in a water column resulted in specific 15N uptake
rates somewhat lower than those for this study (chapter 4.4.4). But the added substrate
concentrations were lower than here as well. Our microbial specific uptake rates of amino
nitrogen ranged from 0.2 - 2.1 µmol m−2 h−1 (upper 2 cm of the sediment; data not shown),
and corresponded with those reported by Linares and Sundback (2006) (0.3 - 2.2 µmol m−2

h−1).

6.4.2 DOM utilization and remineralization

Incorporation of nitrogen and carbon from amino acids can occur along three different path-
ways (Veuger and Middelburg, 2007): (1) direct amino acid uptake and incorporation into
biomass, (2) direct uptake of the amino acids with subsequent intracellular transformation
to other amino acids prior to incorporation, and/or (3) uptake of regenerated NH+

4 after
extracellular breakdown. The first two pathways would result in a tight coupling between
13C and 15N uptake from particular amino acids. The third pathway can result in a coupling
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or decoupling of 13C and 15N uptake depending on the strength of 13C utilization. This 13C
utilization can occur through heterotrophic uptake or as DI13C uptake after remineraliza-
tion. Given the high DIC background in the marine environment, the latter would imply
loss of 13C through dilution (Veuger and Middelburg, 2007).

Carbon was retained in the sediments of all macrophyte species, but significant macro-
phyte carbon incorporation was only found for the seagrasses (Fig. 6.1 and 6.4). Caulerpa

prolifera only took up 15N, suggesting that all amino acid nitrogen that went into the
macroalga was deaminated (pathway 3). In contrast, both in the seagrasses and the sur-
rounding sediment 13C and 15N concentrations were related through the C/N ratio of the
relevant amino acids (Fig. 6.1), indicating a coupling between amino acid carbon and ni-
trogen uptake in the seagrass-sediment systems (pathway 1 and/or 2). However, the lower
carbon enrichment in the seagrass tissue relative to what was expected from the nitrogen
uptake and the substrate C/N ratio illustrates that the 15N was taken up to a larger extent
than the 13C, particularly in Zostera noltii. This suggests at least a partial decoupling of the
carbon and nitrogen uptake from amino acids (pathway 3). Decoupling of amino acid car-
bon and nitrogen during uptake by microorganisms was also reported by Mulholland et al.
(2002) and Andersson et al. (2006) for the water column, and by Veuger and Middelburg
(2007) for sediments.

Although microbial 13C incorporation, based on PLFA data, was only statistically signif-
icant in bacteria (Fig. 6.2), individual microalgal PLFAs were enriched in 13C as well (Fig.
6.3). The 13C was incorporated in C18:2ω6c according to the C-content of the substrates
(glycine < leucine < phenylalnine), indicating a carbon uptake according to availability.
This pattern can be explained in two ways: (A) All amino acids are remineralized to a large
extent, and the resulting DI13C (with relative abundance in the total DIC pool according
to the substrate C/N ratio) is taken up (pathway 3). (B) The amino acids are indiscrimi-
nately taken up as molecules by the cells and internally reworked (pathway 2). Given the
observed discrimination between amino acids in the bulk sediment, and the fact that carbon
is predominantly directed towards the bacteria whereas nitrogen is predominantly taken up
by the microphytobenthos, explanation (A) is more plausible than (B). The diatom-related
PLFA markers from figure 6.3 (C16:1ω7c and C20:5ω3) exhibited highest specific uptake
rates in the glycine and leucine incubations according to the natural concentrations of the
relevant amino acids in seagrass systems (Hansen et al., 2000), and in microbes and macro-
phytes (Cowie and Hedges, 1992), suggesting uptake of entire molecules and reworking to
incorporate carbon in the PLFAs (pathway 2).

Although seagrasses and macroalgae can efficiently utilize organic nitrogenous com-
pounds (Tyler et al., 2005; Vonk et al., 2008, chapter 4.4.4), results from this study suggest
that rapid remineralization prior to nitrogen and carbon uptake is the predominant mode
of organic matter recycling for the macrophytes, rather than direct uptake. The variation
in incorporation into different microbial markers indicate that, depending on the phylogeny,
organic matter recycling occurs through remineralization prior to uptake, or direct uptake
of the dissolved organic matter.

Regenerated production is a key process in seagrass meadows. However, nitrogen regen-
eration differs among compounds, and probably among sources that differ in DON compo-
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sition. Amino acid nitrogen was retained and utilized by primary producers according to
their complexity and natural abundance in biota, suggesting that the amino acids themselves
rather than just the nitrogen therein are of importance. However, despite the consistent
relationships between carbon and nitrogen uptake by the seagrasses, some carbon was pro-
gressively lost during transport in the macrophytes, indicating a partial decoupling between
carbon and nitrogen dynamics. The microbial community was an important sink for both ni-
trogen and carbon, but carbon was mainly transferred to bacterial PLFAs whereas nitrogen
was predominantly incorporated in microphytobenthos. Nitrogen partitioning in the micro-
phytobenthos was even similar in magnitude to the fraction taken up by the macrophytes,
making microphytobenthos an important sink for pore water nitrogen in this macrophyte-
dominated system.
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7. General discussion

Continental shelf ecosystems, such as the North Sea, are characterized by strong gradients
in nutrients and organic matter, which are maintained by a continuous supply through river
runoff (de Vries et al., 1998). These gradients imply an intensive nutrient and organic matter
cycling, which contribute a major part of the annual nitrogen demand in, for instance, the
North Sea (Hydes et al., 1999). Intensive dissolved organic nitrogen (DON) transformations
have been reported during across-shelf transport from rivers to the open ocean (Hedges
et al., 1997). DON can thus be regarded as an active player in nitrogen metabolism at the
land-ocean interface.

Nevertheless, DON is an often neglected ecosystem variable, particularly in long-term
monitoring. This is mainly attributable to the methodological difficulties in measuring total
dissolved nitrogen (TDN; Sharp et al., 2002) and the misconception that DON (like dissolved
organic carbon; DOC) is not useful to primary producers (Bronk et al., 2007). Apart from
the study by Butler et al. (1979) and a few short-term studies, little research has been
conducted into the spatio-temporal variation of DON. Therefore, we started this research
with an investigation of the spatial distribution and temporal evolution of DON in the Dutch
sector of the North Sea. Although this study was largely descriptive, and only considered
the net result of a large suite of processes working on the DON pool (i.e. we looked only at
concentration changes), several new patterns were revealed that shed some light on, among
others, the inconsistency that was found between other studies (Butler et al., 1979; Williams,
1995). These patterns allowed, in the first place to generate a number of hypotheses, that
could be tested in this or future research.

Similar to dissolved inorganic nitrogen (DIN), DON concentrations exhibited large gra-
dients with high values in nearshore and lower values in offshore regions (Chapter 3). The
fraction of DON in TDN, however, increased with offshore distance, suggesting that DIN
was used and DON was not. However, despite the general preference of primary producers
for inorganic nitrogen forms (Chapters 4 - 6), organic nitrogen can indeed be a significant
source to primary producers, either directly or indirectly after remineralization (Palenik
and Morel, 1991; Kerner and Spitzy, 2001; Mulholland et al., 2002; Andersson et al., 2006).
Although a part of the DON is not bioavailable time scales of up to a year, a substantial
fraction is. In addition, under higher concentrations of substances that are hard to break
down, bacterial remineralization is stimulated (Stepanauskas et al., 1999).

One of the more prominent results in this study was the difference in modes of variability
between the coastal region, which exhibited a large DON build up until mid-summer and a
subsequent decline towards a winter low, and the open sea where the variability was more
erratic in nature (occuring at shorter time scales). We hypothesized that this difference
in DON variability was caused by shifting balances between influxes into and effluxes out
of the DON pool under a varying terrestrial influence (Chapter 3). Rivers deliver large
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quantities of inorganic and bioavailable organic nitrogen to the coastal zone (Stepanauskas
et al., 1999; Soetaert et al., 2006; Seitzinger and Sanders, 1997; Wiegner et al., 2009), thus
fueling both autotrophic and heterotrophic production. As such autotrophic production
does not only depend in situ production of inorganic nutrient by remineralization processes,
and heterotrophic remineralization is not dependent on in situ production of organic matter
(i.e. the autotrophic and heterotrophic states are uncoupled; Dodds, 2006; Dodds and
Cole, 2007). In addition, DON exudation by phytoplankton occurs predominantly - but
not exclusively - under nutrient sufficient conditions (Bronk, 1999, 2002). This was for the
North Sea consistent with the annual chlorophyll maximum that preceded the annual DON
maximum (Chapter 3). Furthermore, an increase in grazer biomass towards summer (which
can be expected in the presence of larger phytoplankton biomass) could enhance the build
up of DON during that period by sloppy feeding and excretion (Bronk, 2002). Moreover,
discharge from rivers and consequently (in)organic nitrogen loads exhibit seasonality as
well, resulting in seasonal inputs to the coastal zone. Although these direct nitrogen inputs
are small on a shelf-wide scale compared to the nitrogen supply from internal reworking
(Hydes et al., 1999), a local effect can be expected. Together these processes could lead
to a periodic DON input in excess of metabolic or physical DON removal. However, when
direct allochtonous nitrogen inputs are too low, autotrophic production depends on nitrogen
fixation or heterotrophic nitrogen remineralization. Conversely, bacterial production and
remineralization depends on the presence of autochtonous organic carbon and nitrogen.
Hence, autotrophic and heterotrophic processes, and thus influxes to and effluxes from the
DON pool are more tightly coupled. Such tight couplings between nitrogen remineralization
and nitrogen assimilation have been repeatedly reported (Harrison, 1978; La Roche, 1983).

One remarkable finding of this study was a clear change in DON seasonality at the Dogger
Bank, where around 1999 the seasonal component of the DON variability shifted from a
summer maximum to a spring maximum. From this moment onwards, the ammonium and
nitrate pools were depleted more and for longer time spans each year, indicating that either
the inorganic nitrogen that was regenerated was quickly used before it could accumulate
(i.e. a 1:1 relationship between nitrogen assimilation and nitrogen recycling) or that DON
was directly taken up by the primary producers and bacteria.

Since we only had concentration measurements at our disposal, no causal relationships
can be inferred, and the presented mechanism remains largely hypothetical. To improve
our understanding of DON dynamics, analysis of concentration changes (which is without
doubt a first essential step) are not sufficient. Experimental work with stable isotope tracers
is one possibility to address specific questions about the processes and fluxes governing
the variability in DON. In this thesis I have focussed on nitrogen uptake processes. Using
double labeling (13C and 15N) the two most abundant elements in dissolved organic matter
and their mutual dependence can be investigated.
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7.1 Organic nitrogen uptake

The systematic variability in DON and the changing patterns in time and space imply
changing balances between influxes and effluxes and biological processes working on them.
From a biological point of view, the fluxes out of the DON pool and into the biota are
the most important. Whereas DON utilization has since long been reported for microalgae
(Admiraal et al., 1987; Berg et al., 2003; Mulholland et al., 2002, 2004; Andersson et al.,
2006), macrophytic DON uptake only received more attention in the past few years (Brun
et al., 2003; Tyler et al., 2005; Vonk et al., 2008; Vonk and Stapel, 2008, but see for instance
Probyn and Chapman, 1982). In many studies of seagrass ecosystems, which cover a con-
siderable proportion of the coastal systems (Hemminga and Duarte, 2000), nitrogen cycling
is still approached via the traditional view of bacterial remineralization and seagrass uptake
of inorganics.

We performed several laboratory and field experiments to assess what kind of nitrogen
sources are exploited by different biota (phytoplankton, pelagic and benthic bacteria, epi-
phytes, seagrasses, and a macroalga) in a coastal ecosystem. In a first laboratory experiment,
the uptake capabilities and preferences of macrophytes for inorganic nitrogen and organic
nitrogen compounds through aboveground and belowground tissue were investigated. This
was mainly intended to distinguish between not having the uptake capabilities, and not
being able to reach particular sources because of other potentially more competitive con-
sumers. A second experiment, performed in a semi-enclosed coastal bay aimed at assessing
the competitive strength of different biotic compartments (phytoplankton, pelagic bacte-
ria, macrophytes, and epiphytes) in the uptake of different (in)organic sources of nitrogen.
This allowed to put the physiological uptake capabilities found in the first experiment in
an ecological context. A third experiment, conducted in the same bay, focusing on the
benthic environment, was performed to determine how much of particular nitrogen sources
is directed towards various (a)biotic compartments (microphytobenthos, benthic bacteria,
macrophytes, sediment). The first two experiments lasted for a few hours to exclude surge
uptake, and to assess what can be taken up immediately. The latter experiment lasted for
24 hours, and allowed to assess the retention of fresh DON and DIN in the sediment.

In the field experiments microalgae were the primary sink for nitrogen. In the water col-
umn nitrogen incorporation in suspended matter was at least 67%, and most of the nitrogen
entered the phytoplankton compartment, irrespective of the substrate. Epiphytes, includ-
ing bacteria and microalgae (but most likely also fauna, such as bryozoans), represented a
strong nitrogen sink as well, based on their high specific uptake rates (chapter 5), although
we did not have biomass measurements for this ecosystem compartment. High contributions
to inorganic nitrogen uptake and carbon fixation of this compartment have been reported
before (Heip et al., 1995; Cornelisen and Thomas, 2002), supporting our conclusion. The
24-hour sediment incubations also revealed contributions to total nitrogen retention and
uptake in microphytobenthos of similar or larger magnitude than for the macrophytes. It is
thus safe to conclude that macrophytes are inferior as short-term N sinks, and most likely
bad competitors with phytoplankton for N.

Nevertheless, macrophytes were able to acquire nitrogen from all substrates offered, both
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organic and inorganic. The seagrasses exhibited a clear preference for inorganic nitrogen, pri-
marily ammonium (chapter 4 and 5). The macroalga Caulerpa prolifera, however, appeared
to take inorganic nitrogen from the water column as easily as small organic compounds
(chapter 5), whereas a clear preference for ammonium was encountered for pore water (sed-
iment) uptake (chapter 6). This contrasts with the results from the laboratory experiment,
where clear preferences for inorganic nitrogen were revealed for the uptake by aboveground
and belowground tissue. The fact that ammonium uptake was so large compared to the rest
in the laboratory incubations of the belowground tissue, suggests that the organic nitrogen
in the field was entirely remineralized before it entered the macroalga. This was also sup-
ported by the absence of carbon uptake by Caulerpa prolifera in this experiment (chapter 6).
It appears that nitrogen uptake in Caulerpa prolifera is more dependent on the activity of
other ecosystem actors (microalgae, seagrasses, and bacteria). Whereas no translocation was
found in the laboratory experiment and the water column incubation, a substantial fraction
of the nitrogen was transferred to the aboveground tissue in the sediment incubations due
to the longer incubation time.

Although inorganic nitrogen was the preferred N source in the laboratory experiment, a
complex pool of algae-derive DON was taken up at similar rates normalized to the added
concentration (chapter 4). In the in situ water column incubations, however, algae-derived
DON was mainly incorporated in the suspended matter, and macrophytic contributions to
the DON uptake were not higher than 5% (chapter 5). These findings suggest that macro-
phytes indeed can take up organic nitrogen, but predominantly rely on N remineralization.
Remineralization rates in marine and estuarine systems are very high (Kerner and Spitzy,
2001; Badr et al., 2008), but given the low bacterial biomass in the laboratory experiment
and the short incubation times, it is likely that DON was at least in part processed by the
seagrasses themselves. Vonk et al. (2008) also reported uptake of small organic compounds
in a laboratory setting with a strongly reduced microbial community. Retention in the
sediment from the same algae-derived DON pool was higher than that of ammonium, but
relatively little of the N entered the macrophytes after 24 hours of incubation in comparison
to what was retained in the sediment, supporting the low direct exploitation of DON by
macrophytes. However, the high retention in the sediment emphasizes the importance of
DON as benthic nitrogen reservoir. DON that is kept in the sediment by incorporation in
bacteria or microphytobenthos, or that is bound to sediment particles, may become available
to the seagrasses at a later stage.

Both the laboratory and the water-column incubations pointed out that algae-derived
DON is preferred over bacteria-derived DON. The higher amino acid content in algae-derived
DON (84% and 47% amino acid nitrogen for algal and bacterial DON respectively, mainly
as dissolved combined amino acids; DCAA) may explain why this substrate was preferred.
Other, possibly refractory, nitrogenous compounds must have been present in larger quan-
tities in the bacteria-derived DON. (Stepanauskas et al., 2000) also reported lower bioavail-
ability of riverine DON with lower fractions of L-amino acids. DOM from Bacteria appear
to contribute substantially to refractory DOM in oceanic water as well (McCarthy et al.,
1998, 2004). Our findings corroborate the dependence of DON reactivity on DON origin,
reported earlier (Ziegler and Benner, 1999b; Seitzinger et al., 2002; McCallister et al., 2006).
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The three amino acids used in this research showed a marked and consistent difference
in reactivity and retention in the different experiments. Glycine uptake by the primary
producers was always higher and phenylalanine uptake most of the time lower than leucine
uptake. This increasing uptake coincides with an increasing abundance in biota (Cowie and
Hedges, 1992), C/N ratio (3, 6, and 9 for glycine, leucine, and phenylalanine respectively),
and concentrations in the seagrass sediment (Hansen et al., 2000). In addition, the molecule
complexity of glycine is lower than that of leucine. Glycine is achiral with two hydrogen
atoms on the α-carbon, which makes it a versatile building block. Each of the two hydrogen
atoms can be replaced by another functional group, resulting in either a D or L enantiomer.
Leucine is a chiral amino acid with an isobutyl-group. Phenylalanine has a phenyl residual
which is highly chemically stable. All of these properties suggest that the chemical stabil-
ity of these amino acids should increase in the order glycine < leucine < phenylalanine.
Glycine retention in the sediment was similar to ammonium retention, irrespective of the
macrophyte species (and sediment type), whereas leucine retention was lower, and pheny-
lalanine retention even lower than that of leucine, which agrees well with their presumed
reactivity. However, no clear distinction between amino acids existed in the contribution of
macrophytes to total uptake from the sediment, indicating that the different N uptake rates
of the macrophytes in the sediment were dictated by what was made available, possibly
after remineralization (see below). Bacterial contributions to amino acid uptake showed the
gradient in reverse (phenylalanine-N > leucine-N > glycine-N), both in the water column
and the sediment. Glycine-N retention and uptake by the macrophytes was similar to that
for ammonium, suggesting a common uptake process. Boon et al. (1986) indeed reported a
quick deamination of glycine in Zostera capricorni sediment, followed by a complete uptake
of the ammonium.

Generally, carbon dynamics were uncoupled from nitrogen dynamics. In contrast to their
relatively low contribution to N uptake, seagrasses were the dominant DIC consumers. This
high carbon fixation combined with relatively low N uptake can be understood in light of
their high C/N ratio (Duarte, 1995). In the laboratory incubations no significant carbon
uptake was detected from the organic substances despite the significant nitrogen uptake.
This indicates either remineralization prior to uptake or exudation of the residual carbon
after uptake of complete molecules. Remineralization prior to uptake is well understood
for amines in phytoplankton (Palenik and Morel, 1990b,a, 1991; Mulholland et al., 2002).
Exudation of residual carbon upon urea uptake has been reported by Price and Harrison
(1988). In situ carbon uptake from amino acids and DOC in the water column was low
in the macrophytes, compared to the suspended matter. However, carbon uptake from
the sediment by the seagrasses was related to nitrogen uptake through the C/N ratio of
individual amino acids, albeit with some loss. Since no carbon was taken up in the laboratory
incubations, the most plausible explanation for this partial coupling in the sediment is that
the remineralized carbon (remineralization by bacteria or primary producers; cf. Price and
Harrison, 1988) was not immediately lost due to diffusive transport. This could explain the
almost undetectable uptake of labeled DIC by the microphytobenthos, which resides mainly
at the sediment surface. The preferential transport of nitrogen relative to carbon in Zoster

noltii (13C losses were higher in the aboveground than in the belowground tissue) support
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this hypothesis of carbon uptake as DIC. Caulerpa prolifera only took up 15N, both in the
laboratory and in situ sediment incubations, suggesting that all amino acid nitrogen that
went into the macroalga was deaminated. Ultimately, carbon and nitrogen uptake by the
macrophytes were thus uncoupled, both in the water column and the sediment. Decoupling
of the fate of amino acid and urea carbon and nitrogen have been reported repeatedly for the
water column (Mulholland et al., 2002; Andersson et al., 2006) and for sediments (Veuger
and Middelburg, 2007).

Given the high DOC and DON incorporation in microbial biomass, couplings between
N and C uptake may be stronger. Bacteria are considered the dominant users of DOM
through (1) remineralization and (2) incorporation. However, remineralization might repre-
sent a larger efflux from the DON pool than incorporation, implying that bacteria are not so
much a sink, but rather facilitators of larger effluxes from the DON pool. Although we did
not measure any net rates of remineralization, the present work supports the inferiority of
bacteria as sinks (as defined here) relative to microphytobenthos and phytoplankton. Their
contribution to nitrogen uptake, however, increased for more complex amino acids, illustrat-
ing that they are indeed better equiped to utilize organic substances than primary producers.
One important observation in this work was that, whereas in the water column leucine and
phenylalanine carbon was incorporated into bacterial hydrolysable amino acids (HAA) and
bacterial PLFAs (phospholipid-derived fatty acids), amino acid carbon in the sediment was
mainly inserted in bacterial PLFAs. 13C labeling in D-alanine remained below the racemiza-
tion background (Kaiser and Benner, 2005; Veuger et al., 2005, 2007). This implies that the
13C enrichment in the sediment HAA was predominantly in the microphytobenthos. The
C/N ratio of the incorporation in HAA in the sediment increased with increasing substrate
C/N ratio but was always much lower than that of the respective substrates.

7.2 Ecological implications

7.2.1 Net community production

This research has illustrated that the strong erratic variability in DON in the open North Sea
is likely due to significant utilization of organic nitrogen compounds by primary producers.
Intensive recycling of DON can lift net community production based on DIC concentration
changes (i.e. carbon fixation; NCPDIC) above values expected from inorganic nitrogen
uptake (net community production based on nitrate; NCPNO3) (Thomas et al., 1999). This
discrepancy between NCPDIC and NCPNO3 was illustrated for the North Sea by Bozec
et al. (2006), but has also been found in a other ecosystems (Copin-Montegut, 2000; Begovic
and Copin-Montegut, 2002). This intensive and preferential recycling of DON probably
contributes substantially to the high efficiency of the North Sea continental shelf pump,
which enhances CO2 transport from the atmosphere to the deep atlantic ocean (Thomas
et al., 2005).
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7.2.2 Inorganic nutrient reduction measures and coastal oligotroph-
ication

This work confirms the idea that DON is a highly dynamic pool of nitrogen that is available
to primary producers and bacteria on very short time scales, and can contribute substantially
to their nitrogen demand. With increasing chlorophyll concentrations under conditions of
decreasing total nitrogen over the past few decades (McQuatters-Gollop et al., 2007), in-
ternal loading and stronger remineralization are the only possibilities to sustain this high
productivity. Nitrogen regeneration supports phytoplankton growth even when concentra-
tions are close to zero (McCarthy and Goldman, 1979). The importance of internal loading
in sustaining high chlorophyll concentrations under decreasing nutrient loads was illustrated
for the Danish coastal systems (Carstensen et al., 2006). Price et al. (1985) also observed
more intense DON utilization in stratified waters, deprived from an upward supply of in-
organic nutrients, relative to primary producer communities in frontal systems with high
nutrients.

7.3 Future perspectives

The recognition of DOM as nutrient source is relatively recent, compared to inorganic nu-
trients, and a lot of work still has to be done to increase our understanding of this complex
ecosystem component.

7.3.1 Characterization of dissolved organic matter sources and trans-
formations

Since DON is a dynamic ecosystem component, it should be dealt with accordingly. Research
on DON release and uptake has to continue to broaden our understanding of the existence
and relative importance of pathways in the nitrogen cycle and the connectivity with the
carbon and phosphorus cycle. Multiple isotope labeling has proven its worth in elucidating
metabolic pathways (Mulholland et al., 2004; Tyler et al., 2005, this research), but needs to
be used on a wider scale.

Complete isolation of DOM without altering it, is still a challenge. Some resins have
been used in the past to isolate particular fractions, such as humic and fulvic acids (Bronk,
2002; See et al., 2006). However, more recent techniques based on reverse osmosis and
electrodialysis (used to turn seawater into drinking water) are promising for isolating more
complete fractions (Vetter et al., 2007). Reverse-phase liquid chromatography allows for the
isolation of DOM and subdivision into fractions for later use (Koch et al., 2008).

Measurement of carbon, nitrogen, phosphorus in organic matter (DOC, DON, and DOP)
has much evolved in the past decades. With respect to DON, some issue still existed in the
early years 2000, mainly related to proper referencing and calibration of the measurement
equipment (Sharp et al., 2002). But given that proper reference material is used, the accepted
methods (UV-destruction, high temperature catalytic combustion, and chemical oxidation,
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or a combination thereof) all perform similarly (Sharp et al., 2002). Molecular character-
ization of DOM or fractions thereof has improved a lot in recent years as well. Ultrahigh
mass spectrometry combined with multivariate analysis techniques will probably allow for a
more detailed characterization of DOM transformation, for instance by UV-radiation, and
the identification of sources and environments (Koch et al., 2008; Kujawinski et al., 2009).
A good chemical characterization of DOM is considered a prerequisite for understanding
bioavailability (Sulzberger and Durisch-Kaiser, 2009).

7.3.2 Long-term monitoring and data integration

This research has illustrated that DON may play a significant role in nitrogen supply, par-
ticularly when DIN concentrations decrease. As such, it could compromise the efforts so
reduce eutrophication effects by waste water treatment (Seitzinger and Sanders, 1997). In
the light of the Water Framework Directive (WFD), DON thus represents an important
nutrient variable that should be taken into account. The DONAR database is, as far as
we know, one of the very few that contain time series of DON measurements. With ten
years of monthly measurements they only now start to become sufficiently long to properly
investigate interannual and long-term DON variability.

A few remarks and words of criticism are, however, in place. In the 1970s the monitoring
started with ‘good intentions’ and an extensive coverage of both marine and inland Dutch
waters. However, after cut-backs at the end of the 1980s and beginning of the 1990s the
number of stations have been reduced by 35%, due to ‘a need to become more cost-effective’
(de Jonge et al., 2006). The WFD, nevertheless, dictates that one should endeavor to obtain
a good knowledge of ecosystem functioning in order to make well-founded management
decisions. Our time series analyses, however, has pointed out that the variability in DON is
mainly situated at the finest time scales (2 - 4 months). We could not determine at which
time scale the highest variability occurred since the stations were not consistently sampled
at higher frequencies. This lack of sufficient frequency resolution was also pointed out for the
chlorophyll a concentrations in the Westerschelde estuary (Kromkamp and Van Engeland,
2009). The monitoring of Rĳkswaterstaat occurred exactly during the bloom, whereas a
monitoring cruise of the NIOO-CEME, 2 weeks later, largely missed it, with a resulting
severe underestimation of the primary production. In addition, the spatial coverage was
not adequate to properly assess the spatial variability at finer scale than coast versus open
sea. These findings support the conclusions of (de Jonge et al., 2006), that also the spatial
coverage of the monitoring data is inadequate to sufficiently understand the dynamics of the
Dutch marine and estuarine systems. Consequently, we fully support the recommendations
made by de Jonge et al. (2006), that the design of the monitoring with more stations should
be restored. We further recommend that all stations should be sampled at least at monthly
intervals, and that a few stations should be sampled with biweekly frequency throughout
the year, particularly in the highly dynamic estuaries.

One of the possibilities to extend and make this monitoring more cost-effective would
be to include remote sensing. This has been used since years to assess terrestrial vegetation
cover (e.g. Gamon et al., 1995), but appears to be feasible for tidal flats as well (De Wever
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et al., in prep). In addition, (Del Castillo and Miller, 2008) used remote sensing technology
to investigate DOC transport in a river plume. By including information from teledetection
on a regular basis, sampling efforts could be reduced to obtaining ground truthing data
in a smaller set of locations. McQuatters-Gollop et al. (2007) used such data integration
approach, using data from the continuous plankton recorder and from teledetection, to
investigate the evolution of chlorophyll a in the North Sea on a region wide scale. More
general, different data sets of a variety of sources could be integrated into a larger data
archive, with a flexible monitoring program as back-bone. By enting individual cause-effect
studies on this back-bone monitoring program and sharing efforts and data between the
governmental and scientific stakeholders, compliance to the WFD and a scientific policy
would be unified in a cost-effective manner.
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Eutrophication poses a substantial threat to many coastal ecosystem all over the world.
Despite waste water treatment efforts, which have led to dissolved inorganic nitrogen (DIN)
reductions in some regions, productivity has not decreased as expected. This is often at-
tributed to internal loading and efficient nutrient recycling of nitrogen, shifting the focus
from DIN to DON dynamics. However, DON is still an ecosystem variable that is little
understood. This study aims to address some fundamental questions on DON dynamics in
coastal systems.

In a first part, the temporal and spatial variability of DON was examined using a large
dataset of DON concentration measurement in the Dutch section of the North Sea, in order
to increase our understanding of terrestrial influences, temporal behaviour and the relation-
ship with other ecosystem variables. These analyses revealed a strong gradient with high
DON concentrations in the coastal zone and low concentrations in the open sea. The contri-
bution of DON to total dissolved nitrogen (TDN), however, increased with offshore distance
because of decreases in DIN concentrations. Similar to DOC, DON concentrations exhib-
ited a pronounced seasonal variability in the coastal zone. In the open sea, however, DOC
exhibited a seasonality similar to the coastal zone, whereas DON concentrations fluctuated
more erratically, without a clear seasonal signal. This apparent random variability suggests
that not much is happening in the DON pool, there. However, the opposite is true. While
the coastal DON concentration increased throughout spring and a part of summer, and was
subsequently broken down or transported, we suggest that DON was quickly recycled in the
open sea because DIN concentrations are low and alternative sources have to fuel primary
production. This hypothesis is supported by an event that was observed at the Dogger Bank.
Based on wavelet analysis, we showed that around 1999-2000, the very weak seasonality at
the Dogger Bank changed from a pattern similar to the coast (maxima in summer) to max-
ima earlier in spring. At the same time the period that DIN was depleted was prolonged,
particularly for ammonium, the product of DON remineralization. This suggests that DON
that builds up during the phytoplankton bloom, was used more quickly. Despite the ab-
sence of a clear relationship with phytoplankton abundance (approximated by chlorophyll a
concentrations), concurrent changes in the phytoplankton community composition at that
site have been reported by other authors.

To examine this hypothesized quick DON utilization, three experiments were performed
in a coastal bay dominated by marine macrophyte species (two seagrasses: Zostera noltii and
Cymodocea nodosa, and one macroalga: Caulerpa prolifera). Uptake of nitrogen from vari-
ous inorganic (NH+

4 and NO−3 ) and organic (urea, glycine, L-leucine, and L-phenylalanine)
compounds by various ecosystem compartments (macrophytes, epiphytes, phytoplankton,
microphytobenthos, and planktonic and benthic bacteria) were investigated using stable
isotope labeling and biomarker measurements (D-alanine and phospholipid-derived fatty
acids: PLFA). Dual-labeling allowed to track the carbon and nitrogen separately, and thus
to investigate relationships between DOC and DON uptake. A laboratory experiment, in
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which all primary producers except the macrophytes were excluded and bacterial biomass
was reduced, was conducted to assess the capacity of the macrophytes to take up organic
nitrogen substrates. Two field experiments, one focusing on uptake from the water column
and the other focusing on benthic nitrogen processing and uptake, were performed to in-
vestigate how much of the different nitrogen compounds was actually taken up by each of
the potential consumer groups. The influence of DON origin was assessed by using two
additional complex substrates derived from an algal and a bacterial culture. The labora-
tory experiment showed that all macrophytes had the capability to use DON compounds
within hours. However, they appeared to have a preference for inorganic over organic ni-
trogen. Uptake by aboveground and belowground tissue differed in that the preference for
ammonium was more pronounced relative to other nitrogen compounds in the belowground
tissue. Carbon uptake by the macrophytes was not detected. A second (field) experiment,
focusing on uptake from the water column, revealed a dominant nitrogen uptake by the mi-
crobial community (phytoplankton, bacteria, and epiphytes), irrespective of the substrate.
Nevertheless, all primary producers, including the macrophytes, took up nitrogen from the
inorganic and organic substrates presented to them in a matter of hours, supporting our ear-
lier hypothesis of a quick DON utilization. The three amino acids tested provided decreasing
amounts of nitrogen to all primary producers in correspondence with increasing complexity
and C/N ratio, and decreasing abundance in biota, illustrating that not all amino nitrogen
is similar to them. Bacterial contributions to amino nitrogen uptake, in contrast, showed
an increasing tendency with increasing complexity, illustrating their heterotrophic nature
and adaptation to using organic matter. A clear preference of algae-derived complex DON
over bacteria-derived DON was observed in both experiments, supporting the influence of
DON origin and composition on bioavailability. Labeled DIC was predominantly used by
the seagrasses, whereas the complex DOC ended up almost exclusively in the microbial
community. No relationships between carbon and nitrogen utilization were found in the mi-
crobial community or the macrophyte community. A third (field) experiment, focusing on
benthic nitrogen uptake, revealed a quick transfer of administered organic nitrogen (NH+

4 ,
glycine, L-leucine, L-phenylalanine, algae-derived DON; injected into the sediment) from
the sediment to the aboveground tissue of the macrophytes. This translocation was not
observed in the laboratory and water column incubation due to the much shorter incu-
bation times. Microphytobenthos contributed substantially to nitrogen uptake, based on
HAA data, whereas bacterial nitrogen uptake was considerably lower. Carbon was par-
tially retained in the sediment, and also transferred into the seagrasses, but not into the
macroalga. The concentrations in the sediment and the seagrasses were related to the ni-
trogen concentrations by the C/N ratios of the substrates, although a progressive loss from
sediment to aboveground tissue was found in Zostera noltii. This contrasts to the C/N ratios
of incorporation in microphytobenthos HAA, which were much lower than the C/N ratios
of the respective administered amino acids. This indicates an uncoupling between carbon
and nitrogen uptake. Bacterial carbon incorporation occurred almost exclusively in PLFAs,
whereas microalgal carbon incorporation was predominantly found in the HAAs. PLFA
markers specific for particular groups of algae or bacteria showed different uptake charac-
teristics per group, indicating that they either preferred different substrates or received DIC
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only after remineralization.
This research has illustrated a highly dynamic DON pool, which can be utilized by pri-

mary producers in a matter of hours. Carbon dynamics is at all scales largely uncoupled
from nitrogen dynamics. Under low DIN availability this results in a different behaviour in
carbon and nitrogen dynamics at macroscopic level. The apparent inconsistency in litera-
ture that DON seasonality exists in some places but is absent in others is put in perspec-
tive, and is probably related to a balance between supply and demand of nitrogen. These
findings support the potential role of DON as nutrient, particularly under decreasing DIN
concentrations. This has important consequences for limitation of primary productivity and
remediation of eutrophication effects.
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Samenvatting

Veel kust systemen in de wereld worden bedreigd door eutrofiëring. In een aantal gebieden
blĳft de primaire productie hoger dan verwacht, ondanks effectieve nutrientreductiemaa-
tregelen. Dit wordt vaak toegeschreven aan interne regeneratie van nutrienten. Hierdoor
komt opgeloste organische stikstof (dissolved organic nitrogen; DON) meer centraal te staan
binnen de nutrienten problematiek. Ondanks een zekere bewustwording, blĳft de kennis
over dit complex stikstof reservoir beperkt. Dit onderzoek tracht bĳ te dragen tot de kennis
die fundamenteel nodig is om DON in kust systemen te begrĳpen.

In een eerste deel, wordt a.h.v. een omvangrĳke databank van DON metingen in het Ned-
erlandse deel van de Noordzee de spatio-temporele variatie in DON onderzocht, ten einde
een beter zicht te krĳgen op terrestrische invloeden (rivieren), seizoenale en lange-termĳn
trends en relaties met andere ecosysteem variabelen. Hieruit is gebleken dat er sterke gradi-
enten bestaan loodrecht op de kustlĳn. DON concentraties zĳn hoog in de kustzone en lager
in de open zee. Het aandeel van DON in totale opgeloste stikstof daarentegen neemt toe met
toenemende afstand tot de kust, voornamelĳk omwille van een afnemende anorganische stik-
stof concentratie (dissolved inorganic nitrogen; DIN). Seizoenaliteit in DON in de kustzone
is gekenmerkt door hogere zomerwaarden en lagere winterwaarden, net als voor de opgeloste
organische koolstof (dissolved organic carbon; DOC). In de open zee, daarentegen, vertoont
DOC dezelfde karakteristieke seizoenaliteit, maar DON vertoont een zeer zwak seizoenaal
signaal met een dominante variabiliteit op een tĳdschaal van enkele maanden. Deze schi-
jnbaar willekeurige variabiliteit suggereert dat er niet veel gebeurt met deze stikstofvorm,
maar het tegenovergestelde is waar. In de kustzone wordt een hoeveelheid DON opgebouwd
doorheen het groeiseizoen, dat in de winter zal worden afgebroken (gerecycleerd tot anorgan-
ische voedingstoffen). Anderzĳds, in de open Noordzee waar anorganische stikstof minder
voorhanden is, moet DON vroeger gerecycleerd worden om voldoende nutrienten te hebben
voor het fytoplankton (primaire produktie). Deze hypothese wordt ook gestaafd door een
omslag in de (zwakke) DON seizoenaliteit bĳ de Dogger Bank, een ondiepte in de centrale
Noordzee. Rond 1999-2000 veranderde de seizoenaliteit van een patroon gelĳkaardig aan
dat in de kustzone (hogere waarden in de zomer, lagere waarden in de winter) naar een
patroon met maximale waarden in de lente (tĳdens de fytoplanktonbloei) en lagere waar-
den gedurende de zomer en het najaar. Tezelfdertĳd verhoogde het aantal maanden dat
anorganische stikstof uitgeput was, vooral het eerste produkt van remineralizatie, namelĳk
ammonium. Dit wil zeggen dat het DON dat geproduceerd werd in de fytoplanktonbloei
direct terug werd gebruikt om de primaire produktie te ondersteunen. Hoewel geen duidelĳk
verband van de veranderende DON dynamiek met de hoeveelheid chlorofyl a (benadering
voor fytoplankton biomassa) werd gevonden, zĳn er wel meldingen gemaakt in de literatuur
over veranderingen in de samenstelling van de fytoplanktongemeenschap.

Om de hypothese van snelle recyclering van DON verder te onderzoeken, werden drie
experimenten uitgevoerd in een baai die door macrofyten wordt gedomineerd (twee zee-
grassen: Zostera noltii en Cymodocea nodosa, en een macroalg: Caulerpa prolifera). Hi-
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erin werd de opname van stikstof afkomstig van anorganische (NH+
4 and NO−3 ) en organis-

che (ureum, glycine, L-leucine, and L-fenylalanine) substraten door verschillende biotische
compartimenten (macrofyten, epifyten, fytoplankton, microfytobenthos en planktonische en
benthische bacteriën) nagegaan met behulp van zware isotopen en biomerkers (D-alanine en
fosfolipide-afgeleide vetzuren: PLFA). Door de zware koolstof (13C) en stikstof (15N) iso-
topen in het substraat kon zowel de koolstof als stikstof opname gevolgd worden. De invloed
van de DON bron werd nagegaan door incubaties met een complex substraat afgeleid van
een algenkultuur en één van een bacteriekultuur. Een eerste laboratoriumexperiment met
enkel macrofyten en een sterke reductie van de bacteriële biomassa, moest uitsluitsel bren-
gen over the mogelĳkheid tot opname van organische verbindingen. Vervolgens werden twee
veldexperimenten, één voor de opname uit de waterkolom en één voor de opname en verdel-
ing in het sediment, opgezet, om na te gaan hoeveel van iedere bron (substraat) door elk van
de biotische groepen zou opgenomen worden. In het laboratorium experiment konden alle
aangeboden stikstof substraten opgenomen worden door de macrofyten binnen enkele uren.
Maar de drie soorten hadden een voorkeur voor anorganisch stikstof boven organische. Op-
name via het blad verschilde van deze via de wortels vooral doordat de preferentie voor NH+

4
meer uitgesproken was, en NO−3 en ureum niet werden opgenomen door de wortels. Koolstof
opname werd in dit experiment niet vastgesteld. Het eerste veldexperiment, dat opname va-
nuit de waterkolom belichtte, toonde een dominantie aan van de microbiële gemeenschap
(fytoplankton, bacteriën en epifyten) in de opname van eender welke stikstof bron, hoewel
alle primaire producenten binnen enkele uren stikstof opname vertoonden van anorganische
en organische substraten. Dit strookt met onze eerdere hypothese van een mogelĳk snelle
opname van DON. Aminozuurstikstof werd opgenomen in afnemende volgorde van glycine,
leucine en fenylalanine, overeenkomstig hun moleculaire complexiteit, C/N-verhouding en
concentratie in biota. Dit illustreert dat niet alle aminozuren gelĳk zĳn en een mogelĳk ver-
schillen in reactiviteit of opneembaarheid. Bacteriën droegen meer bĳ tot de stikstofopname
naargelang de moleculen complexer waren, wat hun specifieke adaptatie aan een heterotroof
leven onderschrĳft. Een complex substraat, afgeleid van microalgen, werd in beide exper-
imenten verkozen boven DON afgeleid van bacteriën. Dit toont aan dat de opname ten
dele wordt bepaald door de bron en daarmee-samenhangende samenstelling. Anorganisch
koolstof werd vooral opgenomen door de zeegrassen, terwĳl organische koolstof (afgeleid van
de microalgen) bĳna alleen in de microbiële gemeenschap terecht kwam. Er werden geen
verbanden gevonden tussen koostof en stikstof opname, noch in the microbiële gemeenschap
noch in de macrofyten. Een tweede veldexperiment, waarin stikstof opname en retentie in
het sediment werd onderzocht, toonde een snel opname aan van stikstof substraten (NH+

4 ,
glycine, L-leucine, L-fenylalanine, DON van microalgen) die in het sediment werden geïn-
jecteerd, en een snel transport tot in de bovengrondse delen. Deze translocatie staat in schril
contrast met de afwezigheid van translocatie in de vorige twee experimenten, wat te wĳten
is aan de veel kortere incubatieduur in deze experimenten. Microfytobenthos droeg in belan-
grĳke mate bĳ tot de opname van stikstof (gemeten a.h.v. HAA), terwĳl bacteriële bĳdragen
gering waren. Koolstof werd net als stikstof gedeeltelĳk vastgehouden in het sediment. Het
werd opgenomen in de zeegrassen maar niet in de macroalg. De opname van koolstof en stik-
stof gebeurde volgens de C/N-verhouding van de substraten, hoewel een licht verlies optrad
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in Zostera noltii. Een dergelĳke koppeling werd echter niet gevonden bĳ de opname door
microfytobenthos in HAA, waar deze verhouding veel lager was dan de C/N-verhouding in
de toegevoegde aminozuren. Hieruit leiden we af dat koolstof en stikstof opname ontkoppeld
waren voor deze groep. Bovendien, werd koolstof bĳ bacteriën in hoofdzaak ingebouwd in
PLFAs, terwĳl dit bĳ microfytobenthos gebeurde in HAA. Groep-specifieke PLFA merkers
vertoonden een verschil in opname van de diverse aangeboden substraten dat teruggevoerd
kan worden op een voorkeur voor verschillende substraten of de opname van anorganische
koolstof na remineralizatie.

Dit onderzoek heeft aangetoond dat DON een sterk dynamische ecosysteem component
is die snel kan gebruikt worden als stikstof bron door primaire producenten. De koostof in
de opgeloste organische stof is op alle niveaus ontkoppeld van de stikstof, wat, onder om-
standigheden van lage anorganische stikstof beschikbaarheid, kan resulteren in een verschil
in seizoenale variatie van koolstof ten opzichte van stikstof. Hiermee worden schĳnbare in-
consistenties tussen eerder gerapporteerde studies enigszins verduidelĳkt, daar de seizoenale
variatie kan teruggebracht worden tot een variërende balans tussen productie en consumptie
van DON. Deze bevindingen illustreren een potentiëel belangrĳke rol voor DON als stikstof
bron, vooral tĳdens schaarste van anorganische stikstof, wat belangrĳke implicaties heeft
voor stikstof-limitatie van primaire produktie en remediëring van effecten van eutrofiëring.
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A Supplementary R-code to chapter 2

Van Engeland T., K. Soetaert

Abstract Functions to generate the figures of the wavelet-based analyses in the statistical
package R (R Development Core Team, 2008). These make use of the libraries waveslim
(Whitcher, 2007) and wmtsa (Constantine & Percival, 2007).

A.1 Libraries

We need the following libraries.

> library(waveslim)

> library(wmtsa)

A.2 Construction of the time series objects

The doppler signal:

> dopplerSignal <- as.vector(as.matrix(make.signal("doppler")))

The dissolved organic nitrogen series:

> DONTSCH175 <- ts(c(5.759, 4.593, 3.427, 3.498, 4.212, 4.409, 4.605, 5.747, 2.427, 4.748,

+ 4.998, 4.998, 4.998, 7.853, 6.176, 4.498, 7.377, 6.782, 6.64, 4.426, 5.926, 5.283,

+ 5.069, 6.069, 4.284, 4.391, 4.498, 5.14, 4.569, 5.497, 3.177, 4.534, 4.658, 4.783,

+ 4.498, 4.712, 3.498, 4.212, 5.259, 6.307, 4.248, 3.927, 4.498, 4.426, 5.14, 4.855,

+ 4.569, 4.212, 5.497, 4.855, 4.212, 3.784, 3.356, 6.497, 5.247, 1.142, 4.426, 4.23,

+ 4.034, 3.837, 3.641, 3.213, 3.498, 2.784, 4.819, 5.997, 2.642, 4.736, 4.51, 4.284,

+ 5.712, 4.676, 3.641, 4.117, 4.593, 5.069, 5.545, 6.39, 4.676, 5.212, 4.462, 3.713,

+ 4.212, 4.712, 5.783, 4.908, 4.034, 3.927, 4.783, 4.676, 5.283, 4.319, 4.641, 4.819,

+ 4.998, 5.712, 5.355, 3.356, 4.462, 4.569, 5.355, 5.783, 5.676, 4.641, 5.569, 5.497,

+ 6.425, 6.015, 5.604, 5.194, 4.783, 5.176, 3.927, 4.177, 4.712, 3.891, 5.997, 6.14,

+ 7.139, 7.782), start = c(1995, 1), end = c(2004, 12), deltat = 1/12)

and nitrate series:

> NO3TSCH175 <- ts(c(1.523, 2.689, 3.855, 0.821, 1.606, 0.357, 0.428, 0.357, 0.428, 0.678,

+ 0.571, 1.999, 3.427, 10.352, 7.425, 4.498, 0.666, 0.714, 0.464, 0.464, 0.357, 0.357,

+ 1.785, 0.928, 1.785, 1.606, 1.428, 0.714, 0.357, 0.357, 0.357, 0.286, 0.428, 0.571,

+ 0.214, 3.998, 3.784, 1.713, 1.095, 0.476, 0.214, 0.214, 0.214, 0.214, 0.214, 0.785,

+ 1.356, 1.571, 4.926, 3.873, 2.82, 1.517, 0.214, 0.214, 0.214, 0.214, 0.214, 1.464,

+ 2.713, 3.962, 5.212, 5.783, 0.857, 2.499, 0.214, 0.214, 0.214, 0.214, 0.25, 0.286,

+ 1.071, 3.427, 5.783, 4.391, 2.999, 1.606, 0.214, 0.428, 0.214, 0.25, 0.232, 0.214,

+ 0.214, 0.214, 0.357, 1.624, 2.891, 0.214, 0.214, 0.214, 0.214, 0.214, 0.214, 0.393,

+ 0.571, 0.857, 6.782, 6.925, 4.069, 0.214, 0.214, 0.214, 0.214, 0.25, 0.214, 0.357,

+ 0.214, 1.053, 1.892, 2.731, 3.57, 0.214, 0.214, 0.214, 0.214, 0.214, 0.214, 0.214,

+ 0.214, 0.428), start = c(1995, 1), end = c(2004, 12), deltat = 1/12)

(both based on data from http://www.waterbase.nl)
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A.3 The maximal overlap discrete wavelet transforms(MODWT)

Unbiased estimates

Elimination of all boundary coefficients is accomplished by the function "brick.wall", prior
to the phase shift correction (function "phase.shift"). This correction is necessary because
the filtering with a wavelet filter induces a displacement of features relative to the original
time series.

> unbiasedModwtDON <- phase.shift(brick.wall(modwt(DONTSCH175, n.levels = 4, wf = "la8",

+ boundary = "periodic"), wf = "la8"), wf = "la8")

> unbiasedModwtNO3 <- phase.shift(brick.wall(modwt(log(NO3TSCH175), n.levels = 4, wf = "la8",

+ boundary = "periodic"), wf = "la8"), wf = "la8")

The least asymmetric wavelet of width 8 (Daubechies, 1992) is the template wavelet. Since
all boundary coefficients are eliminated by the brick.wall function, we might just as well use
the periodic boundary treatment (default).

Biased estimates

Below the brick-wall is NOT applied. All boundary coefficients are kept.

> biasedModwtDON <- phase.shift(modwt(DONTSCH175, n.levels = 4, wf = "la8",

+ boundary = "periodic"), wf = "la8")

> biasedModwtNO3 <- phase.shift(modwt(log(NO3TSCH175), n.levels = 4, wf = "la8",

+ boundary = "periodic"), wf = "la8")

By eliminating only the coefficients that are severely affected by the circular filtering, the
maximal potential bias is reduced. In an attempt to reduce boundary effects the reflection
boundary treatment is used because of the dissimilarity between the beginning and end of
the signals.

> modwtDON <- phase.shift(modwt(DONTSCH175, n.levels = 4, wf = "la8", boundary = "reflection"),

+ wf = "la8")

> modwtNO3 <- phase.shift(modwt(log(NO3TSCH175), n.levels = 4, wf = "la8",

+ boundary = "reflection"), wf = "la8")

The output from the modwt function (waveslim) using the reflection boundary option re-
turns the modwt of the extended version after mirroring. Only the first half is needed and
corresponds to the original signal. The extended transform vectors (by mirroring the time
series) are again reduced to the original size.

> n.levels <- 4

> for (i in 1:(n.levels + 1)) {

+ modwtDON[[i]] <- modwtDON[[i]][1:(length(modwtDON[[i]])/2)]

+ modwtNO3[[i]] <- modwtNO3[[i]][1:(length(modwtNO3[[i]])/2)]

+ }
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e-Folding estimates

Elimination of the e-folding coefficients is accomplished using the following script where a
constant zero valued series with a perturbation of value 1 in the middle (=x) is transformed.

> x <- rep(0, 10001)

> x[5000] <- 1

> n.levels <- 4

> len <- length(DONTSCH175)

> temp <- phase.shift(modwt(x, n.levels = n.levels, wf = "la8"), wf = "la8")

The positions to the left and to the right of the maximal influence of this spike are recorded
in a matrix (left, right) together with the position of the maximum itself (top).

> waveExtremes <- matrix(nrow = 3, ncol = n.levels + 1)

> colnames(waveExtremes) <- c(paste("d", 1:n.levels, sep = ""), paste("s", n.levels,

+ sep = ""))

> rownames(waveExtremes) <- c("left", "right", "top")

The distance to the maximum from both sides of the influence is determined as 1/e2 times
the maximum within a specific coefficient vector.

> for (i in 1:(n.levels + 1)) waveExtremes[, i] <- c(range(which(abs(temp[[i]])

+ >= max(abs(temp[[i]]))/(exp(2)))), which.max(abs(temp[[i]])))

The positions (waveExtremes) are used to calculate the distances to the left and to the right
of the influence maximum. The distance to the left of the maximum is called "right" because
it will serve to calculate the distance at the end of the series.

> boundaries <- data.frame(end = len - (waveExtremes[3, ] - waveExtremes[1, ]),

+ start = waveExtremes[2, ] - waveExtremes[3, ])

The actual elimination of the coefficients within the margin defined by the e-folding bound-
aries:

> for (j in 1:(n.levels + 1)) {

+ is.na(modwtDON[[i]]) <- c(1:boundaries$start[i], boundaries$end[i]:length(modwtDON[[i]]))

+ is.na(modwtNO3[[i]]) <- c(1:boundaries$start[i], boundaries$end[i]:length(modwtNO3[[i]]))

+ }

A.4 MODWT on the Doppler signal

The Doppler signal was decomposed to the 7th scale level, using a reflection boundary treat-
ment. Phase shift corrections were applied, resulting in the reallignment of the coefficients
with the features in the original signal.

> modwtDoppler <- phase.shift(modwt(dopplerSignal, n.levels = 7, boundary = "reflection",

+ wf = "la16"), wf = "la16")

> for (i in 1:length(modwtDoppler)) {

+ modwtDoppler[[i]] <- modwtDoppler[[i]][1:(length(modwtDoppler[[i]])/2)]

+ }

148



Appendix A. Supplementary R-code to chapter 2

> par(mfrow = c(9, 1), mar = c(2, 6, 0, 0), mgp = c(4, 1, 0))

> plot(dopplerSignal, axes = F, type = "l", bty = "n", lwd = 1, ylab = "Doppler", cex.lab = 1.3)

> axis(2, las = 2, cex.axis = 1.3)

> for (i in 1:length(modwtDoppler)) {

+ plot(modwtDoppler[[i]], bty = "n", axes = F, type = "n", ylab = names(modwtDoppler)[i],

+ ylim = range(modwtDoppler), cex.lab = 1.3)

+ polygon(x = c(1, 1:1024, 1024), y = c(0, modwtDoppler[[i]], 0), col = "black")

+ axis(2, las = 2, cex.axis = 1.3)

+ }

> axis(1, cex.axis = 1.3)
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Figure 7.1: Maximal Overlap Discrete Wavelet Transform of the Doppler signal.
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A.5 Squared gain of the s8 wavelet

The function wavGain calculates the gain function of a given filter (s8 = la8) for a number
of scales.

> FreqResponsFunctionS8 <- wavGain(wavelet = "s8", n.levels = 4, n.fft = 1024, normalize = TRUE)

> SqrGainHigh <- t(matrix(FreqResponsFunctionS8$sqrgain$high, nrow = 4, byrow = F))

> colnames(SqrGainHigh) <- c("Level1", "Level2", "Level3", "Level4")

> SqrGainLow <- t(matrix(FreqResponsFunctionS8$sqrgain$low, nrow = 4, byrow = F))

> colnames(SqrGainLow) <- c("Level1", "Level2", "Level3", "Level4")

> par(mar = c(3, 4, 1, 0.1))

> plot(1:512, type = "n", axes = F, ylab = "Squared Gain Function", xlab = "", xlim = c(1,

+ 512), ylim = c(0, 1), font.lab = 1)

> polygon(x = c(1/16, 1/8, 1/8, 1/16) * 1024, y = c(-0.1, -0.1, 1.1, 1.1), col = "lightgray",

+ border = NA)

> polygon(x = c(1/4, 1/2, 1/2, 1/4) * 1024, y = c(-0.1, -0.1, 1.1, 1.1), col = "lightgray",

+ border = NA)

> polygon(x = c(0, 1/32, 1/32, 0) * 1024, y = c(-0.1, -0.1, 1.1, 1.1), col = "lightgray",

+ border = NA)

> box(bty = "L", lwd = 1)

> matplot(SqrGainHigh[1:512, ], type = "l", lty = "solid", axes = F, ylab = "Squared Gain",

+ xlab = "Scales [month]", add = T)

> lines(1:512, SqrGainLow[1:512, 4], col = "blue")

> abline(v = c(1/24, 1/12, 1/6, 1/3) * 1024, lty = "solid", lwd = 1)

> axis(2, font.axis = 1.3, las = 2)

> mtext(side = 3, line = 0.25, outer = F, text = c(32, 16, 8, 4, 2), at = c(1/32, 1/16,

+ 1/8, 1/4, 1/2) * 1024, font = 1, cex = 0.8)

> text(x = c(1/72, 1/24, 1/12, 1/6, 1/3) * 1024, y = rep(0.5, 4), labels = c("s4", "d4",

+ "d3", "d2", "d1"), font = 1, cex = 0.75, pos = 4, offset = 0.1)

> axis(1, font.axis = 1, at = c(1/24, 1/12, 1/6, 1/3) * 1024, labels = c(24, 12, 6, 3),

+ cex.axis = 1)

> mtext(side = 1, line = 1.6, outer = F, at = 256, text = "Periodicity (# obs.)", font = 1)
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Figure 7.2: The squared gain function of the symlet (s8) or least asymmetric wavelet (la8) of width 8.
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The mirrored second half is not shown in our plot. Using 1024 points to calculate the
frequency respons function (n.fft=1024), this results in the first 512 values being used. In
addition, the frequency respons function of the lowest level scaling filter is included in our
graph whereas it is displayed in a separate graph in the wavGain-function.

A.6 Fourier and autocorrelation analysis

First the nitrate related graphs, then the DON

> par(fig = c(0, 0.48, 0.5, 1), mar = c(3, 5, 0, 0))

> plot((NO3TSCH175), bty = "n", cex.axis = 1.3, ylab = "", xlab = "", axes = F)

> axis(1, cex.axis = 1.3)

> axis(2, cex.axis = 1.3, las = 2)

> box(bty = "L", lwd = 1.1)

> mtext(side = 2, line = 3.5, outer = F, text = expression("[N" * O[3]^"-" * "] (" *

+ mu * "mol/l)"), cex = 1.3)

> par(new = T, fig = c(0, 0.24, 0, 0.5), mar = c(4, 5, 0, 0))

> spec.pgram(log(NO3TSCH175), detrend = T, spans = c(5, 5), bty = "n", main = "", sub = "",

+ xlab = "", ylab = "", demean = T, axes = F)

> axis(1, cex.axis = 1.3)

> axis(2, cex.axis = 1.3, las = 2)

> box(bty = "L", lwd = 1.1)

> mtext(side = 2, line = 3.5, outer = F, at = 0.15, text = "Periodogram", cex = 1.3)

> mtext(side = 1, line = 2, at = 3, outer = F, text = expression("Freq. (year"^"-1" *

+ ")"), cex = 1.3)

> abline(v = 1, col = "red")

> par(new = T, fig = c(0.24, 0.48, 0, 0.5), mar = c(4, 5, 0, 0))

> acf(log(NO3TSCH175), demean = T, ci.type = "white", bty = "n", main = "", sub = "",

+ xlab = "", ylab = "", axes = F)

> axis(1, cex.axis = 1.3)

> axis(2, cex.axis = 1.3, las = 2)

> box(bty = "L", lwd = 1.1)

> mtext(side = 2, line = 3.5, outer = F, at = 0.25, text = "Autocorrelation", cex = 1.3)

> mtext(side = 1, line = 2, at = 0.75, outer = F, text = "Time lag (year)", cex = 1.3)

> Spline <- smooth.spline(seq(1995, 2004 + 11/12, by = 1/12), DONTSCH175, spar = 0.75)$y

> par(new = T, fig = c(0.52, 1, 0.5, 1), mar = c(3, 5, 0, 0))

> plot(DONTSCH175, bty = "n", cex.lab = 1, cex.axis = 1, ylab = "", xlab = "", axes = F)

> axis(1, cex.axis = 1.3)

> axis(2, cex.axis = 1.3, las = 2)

> box(bty = "L", lwd = 1.1)

> mtext(side = 2, line = 3.5, outer = F, text = expression("[DON] (" * mu * "mol/l)"),

+ cex = 1.3)

> lines(seq(1995, 2004 + 11/12, by = 1/12), Spline, col = "red")

> par(new = T, fig = c(0.52, 0.76, 0, 0.5), mar = c(4, 5, 0, 0))

> spec.pgram(DONTSCH175 - Spline, demean = T, spans = c(5, 5), bty = "n", main = "",

+ sub = "", xlab = "", ylab = "", axes = F, ylim = c(0.025, 0.13))

> axis(1, cex.axis = 1.3)

> axis(2, cex.axis = 1.3, las = 2)

> box(bty = "L", lwd = 1.1)

> mtext(side = 2, line = 3.5, outer = F, at = 0.055, text = "Periodogram", cex = 1.3)

> mtext(side = 1, line = 2, at = 3, outer = F, text = expression("Freq. (year"^"-1" *

+ ")"), cex = 1.3)

> abline(v = 1, col = "red")
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> par(new = T, fig = c(0.76, 1, 0, 0.5), mar = c(4, 5, 0, 0))

> acf(DONTSCH175 - Spline, demean = T, ci.type = "white", bty = "n", main = "", sub = "",

+ xlab = "", ylab = "", axes = F)

> axis(1, cex.axis = 1.3)

> axis(2, cex.axis = 1.3, las = 2)

> box(bty = "L", lwd = 1.1)

> mtext(side = 2, line = 3.5, outer = F, at = 0.4, text = "Autocorrelation", cex = 1.3)

> mtext(side = 1, line = 2, at = 0.75, outer = F, text = "Time lag (year)", cex = 1.3)
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Figure 7.3: Time series plot, smoothed periodogram, and autocorrelation function for nitrate and DON.

A.7 MODWT of the DON signal

The DON concentration series was transformed using a MODWT with the s8 symlet. The
limits of the boundary coefficients and e-folding coefficients are indicated with vertical red
(solid) and blue (dashed) lines respectively.

> par(mfrow = c(n.levels + 1, 1), mar = c(2, 3, 0.5, 0.2))

> for (i in 1:n.levels) {

+ plot(as.vector(time(DONTSCH175)), biasedModwtDON[[i]], xlab = "", ylab = "", type = "h",

+ bty = "n", axes = F, ylim = range(modwtDON[1:n.levels]))

+ axis(2, cex.axis = 1.5, las = 2)

+ abline(v = seq(start(DONTSCH175)[1], end(DONTSCH175)[1], by = 1), col = "gray",

+ lty = "dashed")

+ abline(h = 0)

+ abline(v = time(DONTSCH175)[range(which(!is.na(unbiasedModwtDON[[i]])))], lwd = 2,

+ col = "red")

+ abline(v = time(DONTSCH175)[c(boundaries$start[i], boundaries$end[i])], col = "blue",

+ lwd = 3, lty = "dashed")

+ mtext(side = 4, line = -2, cex = 1.2, outer = F, at = par("usr")[4], text = paste("d",

+ i, sep = ""), las = 2)

+ }
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> plot(as.vector(time(DONTSCH175)), biasedModwtDON$s4, xlab = "", ylab = "", type = "h",

+ bty = "n", axes = F)

> axis(1, cex.axis = 1.5)

> axis(2, cex.axis = 1.5, las = 2)

> mtext(side = 4, line = -2, cex = 1.2, outer = F, at = par("usr")[4], text = paste("s4",

+ sep = ""), las = 2)

> abline(v = time(DONTSCH175)[range(which(!is.na(unbiasedModwtDON[[5]])))], lwd = 2,

+ col = "red")

> abline(v = time(DONTSCH175)[c(boundaries$start[5], boundaries$end[5])], col = "blue",

+ lwd = 3, lty = "dashed")
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Figure 7.4: MODWT of the DON concentration with indication of the limits of the boundary and e-folding
coefficients.

A.8 Analysis of variance

The wave.variance-function calculates the scale-dependent wavelet variance with 95%-
confidence limits.

> wavVarDON <- wave.variance(modwtDON)

> wavVarNO3 <- wave.variance(modwtNO3)

> par(mar = c(5, 5, 0.5, 0.5), mgp = c(4, 1, 0))

> plot(1:4, type = "n", ylim = range(cbind(wavVarDON[1:4, ], wavVarNO3[1:4, ])), xlab = "Scale",
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+ ylab = "Wavelet Variance", log = "y", axes = F, cex.lab = 1.2)

> points((1:4) - 0.05, wavVarDON[1:4, 1], pch = 19, col = "red")

> lines((1:4) - 0.05, wavVarDON[1:4, 1], lty = "dashed", col = "red")

> arrows((1:4) - 0.05, wavVarDON[1:4, 2], (1:4) - 0.05, wavVarDON[1:4, 3], code = 3,

+ angle = 90, length = 0.025, col = "red")

> points(1:4, wavVarNO3[1:4, 1], pch = 18, cex = 1.5, col = "blue")

> lines((1:4), wavVarNO3[1:4, 1], lty = "dashed", col = "blue")

> arrows(1:4, wavVarNO3[1:4, 2], 1:4, wavVarNO3[1:4, 3], code = 3, angle = 90, length = 0.025,

+ col = "blue")

> axis(2, las = 2, cex.axis = 1.2)

> axis(1, at = 1:4, labels = paste("d", 1:4, sep = ""), cex.axis = 1.2)

> box(bty = "l")

> legend("bottomleft", pch = 19:17, lty = "dashed", col = c("red", "blue"),

+ legend = expression("[DON]", "log[NO"[3]^"-" * "]"), bty = "n", cex = 1.5)

Scale

W
av

el
et

 V
ar

ia
nc

e

0.1

0.2

0.5

1.0

2.0

d1 d2 d3 d4

[DON]
log[NO3

−]

Figure 7.5: The wavelet variance per scale for the nitrate and DON signals.

A.9 Multiresolution analysis

The additive multiresolution decomposition as signal into subsignal that in superposition
add up to the orignal signal. This property is used to reconstruct sub-signals at particular
set of scales. The result is basically a filtered version of the original signal.
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> mraDON <- mra(DONTSCH175, boundary = "reflection", J = 3, wf = "la8")

> par(fig = c(0, 1, 0.68, 1), mar = c(0, 4, 0.4, 0.2))

> plot(DONTSCH175, xlab = "", ylab = expression("[DON] (" * mu * "M)"), bty = "n", axes = F)

> axis(2, las = 2)

> mtext(side = 3, outer = F, line = -1, text = expression(bold("Total signal")), at = 2003)

> par(new = T, fig = c(0, 1, 0.35, 0.67), mar = c(0, 4, 0.4, 0.2))

> plot(ts(I(mraDON$D1 + mraDON$D2 + mraDON$D3), start = c(1995, 1), deltat = 1/12), axes = F,

+ xlab = "", ylab = expression("[DON] (" * mu * "M)"), ylim = c(-3, 3))

> axis(2, las = 2)

> mtext(side = 3, outer = F, line = -1, text = expression(bold("Intra-annual")), at = 2003)

> par(new = T, fig = c(0, 1, 0.06, 0.34), mar = c(0.5, 4, 0.4, 0.2))

> plot(ts(I(mraDON$S3), start = c(1995, 1), deltat = 1/12), bty = "L", xlab = "",

+ ylab = expression("[DON] (" * mu * "M)"), ylim = c(3.5, 6.5), axes = F)

> axis(1)

> axis(2, las = 2)

> mtext(side = 3, outer = F, line = -1, text = expression(bold("Inter-annual")), at = 2003)
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Figure 7.6: The original signal, the reconstructed intra-annual signal, and the interannual trend in the DON
concentration.

A.10 Wavelet correlation

Correlation analysis was performed using different strategies: a scale-independent scatter-
plot, a scale-dependent wavelet correlation, and a scale-dependent cross-correlation. The
wavelet correlation gives a scale-wise decomposition of the scale-independent correlation be-
tween two signal. The scale-dependent cross-correlation (spin-correlation) decomposes the
scale-independent cross-correlation.
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To estimate the spin-correlation and the corresponding 95%-confidence intervals, the follow-
ing function was written:

> spincor <- function(modwt1, modwt2, lags) {

+ temp <- list(spincor = vector(), lower = vector(), upper = vector(), lags = -lags:lags)

+ for (i in 1:length(modwt1)) {

+ correlations <- spin.correlation(modwt1[[i]], modwt2[[i]], lag.max = lags)

+ temp$spincor <- cbind(temp$spincor, correlations)

+ temp$lower <- cbind(temp$lower,

+ tanh(atanh(correlations) - qnorm(0.975)/sqrt(rep(trunc(length(modwt2[[1]])/2^i),

+ times = length(-lags:lags)) - 3)))

+ temp$upper <- cbind(temp$upper,

+ tanh(atanh(correlations) + qnorm(0.975)/sqrt(rep(trunc(length(modwt2[[1]])/2^i),

+ times = length(-lags:lags)) - 3)))

+ }

+ colnames(temp$spincor) <- c(paste("d", 1:(length(modwt1) - 1), sep = ""), paste("s",

+ length(modwt1) - 1, sep = ""))

+ colnames(temp$lower) <- c(paste("d", 1:(length(modwt1) - 1), sep = ""), paste("s",

+ length(modwt1) - 1, sep = ""))

+ colnames(temp$upper) <- c(paste("d", 1:(length(modwt1) - 1), sep = ""), paste("s",

+ length(modwt1) - 1, sep = ""))

+ return(temp)

+ }

Although this function returns values for all the scale levels, only the d2 scale level is plotted
(right):

> par(mfrow = c(1, 3), mar = c(4, 5, 0.2, 0.2))

> plot(as.vector(log(NO3TSCH175)), as.vector(DONTSCH175), xlab = expression("log[NO"[3]^"-" *

+ "]"), ylab = expression("[DON]"), bty = "n", pch = 19, cex = 0.5, axes = F, cex.lab = 1.5)

> axis(2, cex.axis = 1.5, las = 2)

> axis(1, cex.axis = 1.5)

> par(mar = c(4, 5, 0.2, 0.2), mgp = c(4, 1, 0))

> wavCor <- as.data.frame(wave.correlation(modwtNO3, modwtDON, N = 120))

> plot((1:4), wavCor$wavecor[1:4], pch = 19, cex = 1, axes = F, xlab = "",

+ ylab = "Wavelet Correlation", ylim = c(-1, 1), xlim = c(0.5, 4.5), col = "black",

+ bty = "n", cex.lab = 1.5)

> abline(h = 0, col = "gray")

> lines((1:4), wavCor$wavecor[1:4], col = "black", lty = "solid")

> arrows(rep(1:4, 2), rep(wavCor$wavecor[1:4], 2), rep(1:4, 2), c(wavCor$lower[1:4],

+ wavCor$upper[1:4]), angle = 90, lwd = 1, length = 0.02, col = "black")

> axis(2, cex.axis = 1.5, las = 2)

> axis(1, cex.axis = 1.5, at = 1:4, labels = c("d1", "d2", "d3", "d4"))

> mtext(1, at = 2.5, line = 2.8, outer = F, text = "Scale", cex = 1)

> spincorrelation <- spincor(modwtNO3, modwtDON, lag = 9)

> par(mar = c(4, 5, 0.2, 0.2), mgp = c(4, 1, 0), xpd = T)

> plot(spincorrelation$lags, spincorrelation$spincor[, 2], xlab = "", ylab = "Correlation",

+ ylim = range(c(spincorrelation$upper, spincorrelation$lower)), type = "l", bty = "n",

+ axes = F, cex.lab = 1.5)

> abline(h = 0, v = 0, col = "gray")

> lines(spincorrelation$lags, spincorrelation$upper[, 2], col = "red", lty = "dashed")

> lines(spincorrelation$lags, spincorrelation$lower[, 2], col = "red", lty = "dashed")

> mtext(3, at = 0, line = -1.5, text = colnames(spincorrelation$spincor)[2], outer = F,
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+ font = 2)

> mtext(1, at = 0, line = 2.8, outer = F, text = "Time Lag (months)", cex = 1)

> axis(1, cex.axis = 1.5)

> axis(2, cex.axis = 1.5, las = 2)
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Figure 7.7: Scatterplot, wavelet correlation and d2 spin-correlation between DON and nitrate.

A.11 Coherence/phase analysis

We use the Hilbert wavelet filter template (k3l3); flength is a smoothing parameter to obtain
consistent estimates of the coherence and phase.

> wf <- "k3l3"

> flength <- 12

MODHWT transformation of the DON and nitrate series, using the reflection boundary
treatment (see above).

> modhwtDON <- phase.shift.hilbert(modwt.hilbert(DONTSCH175, wf = "k3l3",

+ boundary = "reflection"), wf = "k3l3")

> modhwtNO3 <- phase.shift.hilbert(modwt.hilbert(NO3TSCH175, wf = "k3l3",

+ boundary = "reflection"), wf = "k3l3")

> for (i in 1:length(modhwtDON)) {

+ modhwtDON[[i]] <- modhwtDON[[i]][1:(length(modhwtDON[[i]])/2)]

+ modhwtNO3[[i]] <- modhwtNO3[[i]][1:(length(modhwtNO3[[i]])/2)]

+ }

Calculation of the coherence and phase difference from the cross-transform of the individual
modhwt objects.

> coh <- modhwt.coh(modhwtNO3, modhwtDON, f.length = flength)

> phase <- modhwt.phase(modhwtNO3, modhwtDON, f.length = flength)

> tempcoh <- ts(cbind(coh[[1]], coh[[2]], coh[[3]], coh[[4]]), start = c(1995, 1),

+ deltat = 1/12)

> tempphase <- ts(cbind(phase[[1]], phase[[2]], phase[[3]], phase[[4]]), start = c(1995,

+ 1), deltat = 1/12)
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> par(mfrow = c(3, 1), mar = c(3, 4.2, 1.2, 4.2))

> for (i in 2:4) {

+ temp <- na.omit(cbind(1:length(tempcoh[, i]), tempcoh[, i]))

+ temp <- rbind(c(temp[1, 1], 0), temp, c(temp[nrow(temp)], 0))

+ plot(0, type = "n", xlim = c(1, length(tempcoh[, i])), ylim = c(0, 1.05), xlab = "",

+ ylab = "", axes = F)

+ polygon(temp, col = "lightgray", lwd = 0.5)

+ axis(2, cex.axis = 1.3, las = 2)

+ axis(1, at = c(0:(length(unique(trunc(time(DONTSCH175)))) - 1)) * 12 + 6,

+ labels = unique(trunc(time(DONTSCH175))), cex.axis = 1.3)

+ par(new = T)

+ plot(1:length(tempphase[, i]), c(tempphase[, i]), type = "n", xlim = c(1,

+ length(tempphase[,i])), ylim = c(-1.5 * pi, 1.5 * pi), axes = F, xlab = "", ylab = "")

+ points(1:length(tempphase[, i]), c(tempphase[, i]), pch = 20, cex = 0.2)

+ axis(4, at = c(-pi, 0, pi), cex.axis = 1.3, labels = c(expression(-pi), 0, expression(pi)),

+ las = 2, hadj = 1, mgp = c(3, 2.7, 0))

+ mtext(side = 4, outer = F, at = 0, text = "Phase", line = 3, cex = 1)

+ mtext(side = 2, outer = F, at = 0, text = "Coherence", line = 3, cex = 1)

+ for (j in -1:1) lines(c(min(c(1:length(tempphase[, i]))[!is.na(tempcoh[, i])],

+ na.rm = T), length(tempphase[, i]) + 10), rep(pi * j, 2), lty = "dotted", col = "red",

+ lwd = 0.6)

+ mtext(side = 3, at = 0, outer = F, line = -0.5, adj = 0, text = paste(2^i, " - ",

+ 2^(i + 1), " months (wavelet level ", i, ")", sep = ""), cex = 0.6)

+ }
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Figure 7.8: Coherence and phase plots of DON versus nitrate for the wavelet levels 2 to 4.
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