
Chapter 1

General introduction

Consum er-food source in teractions am ong different organizational levels are one of the m ost fundam ental 
p rocesses in ecosystem s. Trophic interactions rep re sen t fluxes of energy th roughou t the  system, from 
auto trophs to a series of hetero trophs. In addition, trophic in teractions play a structuring  role in local 
diversity  and com position of species assem blages. As trophic interactions contribute to both biodiversity 
and ecosystem  functioning (W orm e t al. 2002), food-web studies are a valuable research  field to  unravel 
b iodiversity-ecosystem  function (BEF) relationships (Loreau e t al. 2002). During the last tw o decades, 
global aw areness of species extinction and  of na tu ra l h ab ita t losses resulting  from socio-econom ic 
developm ent (Loreau e t al. 2002), e.g. the problem  of overfishing and  of traw ling activity (Polym enakou et 
al. 2005), has grow n far beyond the  scientific research  field. Along w ith these  phenom ena , the  scientific 
public stresses the  im portance of the conservation of food-web s truc tu re  (Pinnegar e t al. 2000). Hence, 
for the conservation and  resto ra tion  of biodiversity and  ecosystem  processes and  for predicting the 
im pact of antropogenic effects, it  rem ains of high p riority  to gain m ore insight into trophic in teractions 
th a t shape com m unity structu re  and  into the role of species in m ediating these  interactions, both  directly 
and indirectly. Species th a t fulfill an im portan t role are no t necessarily  dom inant species (Mills e t al. 1993, 
Piraino e t al. 2002). The im pact of a species on assem blages is determ ined  by the strength  of its 
in teraction w ith o ther species, e.g. through trophic cascades or com petition for food (W ootton 1993, 
Menge 1995).

In m arine food-web ecology, the  energy fluxes betw een  and  w ithin the low er trophic  levels of the benthos 
(m eio-1 and  m icrofauna2 and  bacteria) have rem ained  largely unstud ied  until the '80s. This is prim arily  
due to a late recognition of the significant roles of the m ost m inute organism s in m arine sedim ents, i.e. 
bacteria  and protozoa (phagotrophic protists: flagellates, ciliates), bu t also to m ethodological restrictions, 
the  high diversity  of benthic species, feeding types and sizes, and  the paucity  of in terdiscip linary  research. 
Bacteria and pro tozoa are key decom posers of detrita l m atter from  any trophic level o f the g razer food 
web (e.g. faeces, decaying p lan t/an im al m aterial) and are  responsible for the  n u trien t recycling (Stout 
1980, Nixon 1982). Recognition of the ir functional role in m arine pelagic system s s ta rted  th ree  decades 
ago w ith a keystone paper on the  m icrobial loop and its feedback link to the grazer food w eb through 
feeding interactions betw een  bacteria and m etazoan grazers, often w ith protozoans as in term ediates 
(Azam e t al. 1983) (see below). The significance of the  m icrobial loop and feedbacks in  benthic system s 
w as recognized m uch later. Lower food w eb interactions are considered of high im portance for an 
efficient energy flow because of the  considerably high biom ass production  of m eiofauna and m icrofauna, 
especially in in tertidal flats and estuarine system s (Heip e t al. 1995, Schm idt e t al. 1998).

In the traditional view, the  grazer food web is driven by prim ary  production and m eiofauna are am ong the 
m ain herbivores, transferring  phototrophic resources to higher trophic levels; this is henceforth  re ferred  
to as the  classic food w eb. W ith increasing observations of m eiofaunal detritivory, how ever, the 
perception of herbivory-driven food w ebs is changing to  th a t of om nivory-driven food webs, w herein  an 
om nivorous m eiofaunal com ponent transfers energy from  both  the classic food w eb and the m icrobial 
loop, th rough feeding on prim ary producers and detritus covered w ith dense m icrobial biofilms, 
respectively. In the  pelagic, the  bacterial fraction (< 2 gm) of these  m icrobial biofilms is m ostly available to

1
M eio fa u n a :  b e n t h ic  in v e r te b r a te s  t h a t  p a s s  th r o u g h  a 1 - m m  s i e v e  b u t  are  r e ta in e d  o n  a 3 2 - g m  s i e v e

2 M icrofauna:  'animal' like  o r g a n i s m s  s m a l ler  th a n  m e io f a u n a ,  m a in ly  P r o to z o a
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CHAPTER 1

copepods (Gonzalez e t al. 2004). However, th ere  is still high uncertain ty  about the  nutritional value of 
bacteria  associated w ith detrita l m atter for benthic meiofauna.

For nem atodes, a close in teraction  w ith bacteria  is apparent, w ith observations o f bottom -up (e.g. Moens 
& Vincx 1997, Moens 1999, dos Santos e t al. 2008) and  top-dow n interactions (e.g. Moens e t al. 2005b, 
Hubas e t al. 2010). The first aim  of this PhD thesis w as to gain insight into the d ietary  im portance of 
bacteria  for harpacticoid copepods, which are  often the second m ost abundan t m eiofaunal taxon in m arine 
sedim ents, nex t to nem atodes (Hicks & Coull 1983). In com bination w ith the second objective, i.e. 
assessing the m echanism  of m icrobial degradation of copepod fecal pellets, this thesis covered the link 
betw een the classic and the  m icrobial food web in both  directions (Fig. 1).

The Paulina in tertidal area, encom passing a salt m arsh  and tidal flat zone in the polyhaline reach  of the 
W esterschelde Estuary (SW N etherlands), was used as study  area. The area spanned  a range of sedim ent 
types and  o ther abiotic factors (hydrodynam ics, tidal height, pore w ater content, physico-chem ical 
gradients, shore vegetation etc.), providing several hab itats w ith variable food availability and  food 
quality, different harpacticoid assem blages and thus presum ably  differences in local food-web 
interactions. In this way, we a ttem pted  to obtain a broader v iew  on the spatio-tem poral context of trophic 
interactions betw een  harpacticoid  species and  bacteria.

Trophic interactions

harpac tico id
c o p e p o d s

Degradation, remineralisation 
(fecal pellets, DOC, carcasses)

Feedback loop'A 
(fp grazing) \ \

he te ro t ro p h ic
bac ter ia

Fig. 1. Trophic interactions betw een harpacticoid copepods and bacteria, indicating upw ard fluxes from the microbial food w eb to 
the classic (primary production-based) food web and downward fluxes of w aste products from the traditional food web to the 
microbial food web.

In the topics elucidated below concerning food  webs and trophic interactions, we have concentrated on 
specific examples from  benthic intertidal and shallow coastal systems. For the introduction on the microbial 
loop and copepod feca l pellets, however, the only avaiiabie reference works stem  from  the planktonic 
environment.
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INTRODUCTION

BENTHIC FOOD W EBS AND LOWER FOOD-WEB INTERACTIONS

Marine tem pera te  in tertidal sedim ents are  highly productive ecosystem s as a re su lt of high prim ary 
production, high n u trien t load and high inputs of allochtonous detritus. In tertidal flats receive 
allochtonous inputs from  m arine, riverine and  te rrestria l origin, and in sa lt m arshes and nearby 
sedim ents, from  exported  salt m arsh  vegetation. M icrophytobenthos (MPB) and m ainly diatom s 
contribute predom inantly  to the total prim ary production (M cIntyre 1969, U nderw ood & Kromkamp 
1999) and form  the basis of the  classic food web w here carbon and  energy are  tran sfe rred  to herbivores 
such as non-pigm ented microflagellates, ciliates, nem atodes and harpacticoid copepods (M ontagna e t al. 
1995, Epstein 1997), and these  in tu rn  to  higher trophic levels such as m acrofauna and  larval and juvenile 
fish (Gee 1987) (Fig. 2).

Macrofauna
Sediment-W ater
Interface

Exchange With 
Surface Water

Detritus/ 
DOC -Viruses

Metazoan Meiofauna
Heterotrophic

B a c te r ia /"

Heterotrophic Protists

Benthic Microalgae
C h e m o a u to tr o p h ic

Bacter ia Primary
Producers

Relative Size 

Indicates Trophic Interactions Within the Group

Fig. 2. Simplified conceptual model of the benthic microbial and classic m arine food web in shallow-water m arine sediments. Arrows 
indicate carbon flow. The shaded area represents the dissolved organic carbon [DOC] based microbial loop. Slightly modified from 
First (2008).

In a partly  separa te  detritus pathway, the  detritus/D O C pool supplied by the herbivorous food web 
(dead MPB, anim al carcasses and fecal m atter) is a n u trien t source for he tero troph ic  bacteria  (Fig. 2.). A 
fraction of the  benthic bacterial production is consum ed by bacterivorous p ro tists  and  nem atodes and 
was estim ated  to vary  largely, from  < 1% to 528 % of bacterial production (Hondeveld e t al. 1995, Epstein 
1997). The la tte r studies clearly dem onstra ted  th a t the  rem oved fraction of bacterial production  strongly 
relates to  spatio-tem poral dynam ics in bacterial grazing ra tes and  bacterial production, owing to e.g. 
sed im ent type and  tem p era tu re  conditions. They in tu rn  are  p reyed  upon by non-bacterivorous protists, 
harpacticoid copepods or m acrofauna (Azam e t al. 1983, Rieper 1985, Coull 1990, Reiss & Schmid-Araya 
2011). N evertheless, for exam ple in W esterschelde in tertidal sedim ents, the  largest fraction of bacterial 
biom ass does n o t flow back to the  grazer food w eb (Herm an e t al. 2001) b u t is probably  lost by viral- 
induced bacterial cell lysis (Danovaro e t al. 2008). The detrita l food chain also includes m acro- and
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m icrodetritivores, term s referring  to detritus-feeding m acro- and meiofauna. However, for m acrofauna 
which actually ingest detrital m atter (Tenore 1977, Leduc & P robert 2009), the  te rm  ‘detritivo re’ is m ore 
applicable than  for the sm aller m eiofaunal organism s w hich m ay consum e detritus-associated  bacteria 
ra th e r than  the actual detrita l m atter itself.

Bacteria and  protists, the  sm allest-sized com ponent of the m arine biota ( < 2 0  gm), are an in tegral p a rt of 
the  low er trophic levels of the classic and detrital food webs. In early conceptual m odels of pelagic food 
w ebs and carbon flows, these  organism s w ere ignored, based  on the assum ption th a t prim ary production 
is transferred  to  higher trophic levels predom inantly  in the particle phase and no t as DOM. As a 
consequence, bacterial populations w ere assum ed to be too sparse  and  the ir activity too low  to play a 
significant role in organic m atter flow (Azam 1998). The microbial loop concept of Azam e t al. (1983) 
in troduced m icrobes into m arine food-web ecology (Fig. 3). The m icrobial food web predom inantly  
com prised hetero troph ic  DOM-consuming bacteria, involved in organic m atte r degradation  and  nu trien t 
rem ineralisation, and bacterivorous flagellates and  larger-sized ciliates. These organism s are  unique in 
the ir ability to recuperate  DOM originating from  algae, sloppy feeding, virus-induced cell lysis, etc., thus 
reducing energy loss from  the classic food chain. A sm aller com ponent of the  m icrobial loop are  the m ost 
m inute autotrophic phytoplankton organism s and  herbivorous flagellates (photosynthetic picoplankton) 
feeding on them. Later, the  role of viruses, w ith abundances often exceeding those of bacteria  (i.e. IO 10 per 
liter com pared to IO9 per liter in open w aters), becam e incorporated  into the concept (Azam 1998, Azam 
& W orden 2004) (Fig. 3). Viruses are particularly  abundan t in nu trien t-rich  w aters and  in sed im ent pore 
w ater ra th e r than  in overlaying w aters. W ith bacteria  being the  m ain host of viruses, v irus-induced 
bacterial m ortality  (10 - 50% of bacterial m ortality) (Cochlan e t al. 1993) forms an additional inpu t of DOC 
which is recycled by o ther hetero troph ic  bacteria. Viruses are considered a sink as bacterial biom ass is 
m ade unavailable for the  grazer food chain and an increased bacterial resp ira tion  associated w ith this 
enlarged DOC pool im plies a loss in efficiency of the  m icrobial loop.

Classic food chain

Phagotrohic protozoa

Mixoptrophic
eukaryotes

Phototropic eukaryotes

Aerobic
photoheterotrophs

Heterotrophic bacteria •*— DOC5.
- Phoiotrophic prokaryotes

Particulate organic matterVirus

Fig. 3. The 'original' microbial loop, as described in Azam et al. (1983) (solid arrow s), and w ith later additions (dotted arrows). DOC: 
dissolved organic m atter. From: Fenchel (2008)

The transferab le  fraction of hetero troph ic  m icrobial biom ass associated w ith the detritus pool is shunted 
in m ultiple ways to the  classic food web: (1) from  bacterivorous protozoa to protozoan grazers (e.g.
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harpacticoid copepods, as m entioned before), and  (2) through d irect grazing on detritus-associated  
bacteria  by m icrodetritivores. In addition, and of specific im portance in the  benthic system , hetero troph ic  
m icrobes are  living associated w ith fresh algae and  consum e algal-derived DOC and extracellular 
polym eric substances (EPS) (G rossart & Ploug 2001, van Oevelen e t al. 2006b), which com prise ca. 40-70 
% of algal productivity  (Goto e t al. 1999). Hence, the ‘classic’ m eiofaunal m icrophytobenthos grazing and 
co-ingestion of bacteria  is potentially  an underestim ated  pathw ay of m icrobial energy transfer. Detailed 
benthic food-web schem es are scarce bu t one of the  m ost detailed schem es integrating com ponents of the 
classic, the  detrital and  the m icrobial pathw ay and reporting  on the  carbon flows am ong those 
com ponents, is from  Van Oevelen e t al. (2006b) on the M olenplaat in tertidal flat (Schelde estuary, 
Belgium-The N etherlands) (Fig. 4). This food w eb can be considered rep resen ta tive  for the Paulina food 
web. In the food w eb of the  M olenplaat, the  trophic significance of bacterial carbon for the  d ifferent 
benthic taxa was low  and  sim ilar for m acro- and m eiobenthos, w ith < 1% contribution  to the organism s’ 
carbon requirem ents (van Oevelen e t al. 2006a). The m acro- en m eiobenthos depended  m ainly on 
phytodetritus and  m icrophytobenthos (classic pathw ay), the m icrobenthos on detritus and  DOC (detrital 
pathw ay), and  bacterial biom ass largely form ed a sink. O ther studies have confirm ed the lim ited role of 
bacteria  for m eiofauna (Sundback e t al. 1996, Moens & Vincx 1997) and  m acrofauna (Cammen 1980, 
Kemp 1987, A ndresen & K ristensen 2002), the  la tte r w ith an upper lim it of 10% of the carbon 
requirem ents m et by bacterial carbon consum ption. Among m eiobenthos taxa, som e nem atodes and 
ciliates show ed higher bacterial carbon consum ption than  harpacticoid copepods and  foram iniferans 
(Epstein & Shiaris 1992, van Oevelen e t al. 2006a). N evertheless, bacteria  m ay deliver som e trace 
elem ents, such as vitam ins and the high bacterial ingestion ra tes com pared to ingestion in case of 
indiscrim inate feeding suggest selective uptake of bacteria  by m acro- and  m eiofauna (Lopez & Levinton 
1987, van Oevelen e t al. 2006a). In the M olenplaat and Paulina area, the  m icrophytobenthos is o f high 
im portance to all hetero troph ic  levels, including bacteria, nem atodes, foram inifera and m acrofauna 
(Herm an e t al. 2000, M iddelburg e t al. 2000, Moodley e t al. 2000). Furtherm ore, nem atodes rep resen t a 
second trophic level as p redato rs (Gallucci e t al. 2005, Moens e t al. 2005a). Harpacticoid copepods w ere 
no t included in any of these  studies and th e ir trophic niche is ye t unexplored.
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Fig. 4. The intertidal food web. Carbon inputs are prim ary production by microphytobenthos, m acrobenthic suspension feeding on 
phytoplankton, phytoplankton and suspended particulate m atter deposition. DOC is produced through EPS excretion by 
microphytobenthos and bacteria and consumed by bacteria and microbenthos. Detritus is consumed and produced (death and faeces 
production) by all heterotrophic compartments. Microphytobenthos and bacteria are grazed by nematodes, m eiobenthos and 
macrobenthos, nem atodes are grazed by predatory nem atodes and macrobenthos, and meiobenthosis grazed by macrobenthos. 
Carbon outflows are respiration (diamond head arrows), m acrobenthic export (e.g. consumption by fish or birds) and bacterial 
burial. Only non-zero flows are pictured. The arrow s with indicated values are not scaled, because their dominance would otherwise 
m ask the thickness differences among other arrows. The lower panel shows nematodes, meiobenthos and m acrobenthos on a 
different scale to better indicate the flow structure. Abbreviations -  mpb: microphytobenthos, bac: bacteria, mic: microbenthos, mac: 
macrobenthos, doc: dissolved organic matter, det: detritus, phy: phytoplankton, spm: suspended particulate m atter, dic: dissolved 
organic carbon and exp: export from the system. From: Van Oevelen et al. (2006)

HARPACTICOID COPEPODS: ECOLOGY AND SPATIO-TEMPORAL DISTRIBUTION

Harpacticoid copepods are  small crustaceans w ithin the  size range of 0.2 to 2.5 m m  and  belong to the 
Order Harpacticoida of the subclass Copepoda (system atic position see addendum  II). Harpacticoida 
com prise 52 families and well over 3000 species, and  are  essentially free-living, benthic copepods 
(Boxshall & Halsey 2004). They are  cosm opolites in the m arine environm ent, occurring from  m arine to 
brackish w ater, from  the in tertidal zone to the  deep sea (review  by Hicks & Coull 1983, Van Gaever e t al. 
2009). Harpacticoid copepods are  the  second m ost abundan t m eiofaunal taxon in m arine sedim ents,

14



INTRODUCTION

second to nem atodes. Maximum densities in in tertidal sedim ents are  10 to 100 ind. p er cm 2 (Boxshall & 
Halsey 2004). Their body m orphology is highly diverse and characteristic  for the ir life mode, i.e. 
interstitial, burrow ing  or epibenthic. Harpacticoid copepods m ay form an im portan t link in benthic food 
w ebs by channeling energy to higher trophic  levels. In addition, harpacticoids, as p a r t of the meiofauna, 
m ay facilitate biom ineralisation of organic m atter, enhance n u trien t regeneration  and m ay be ecosystem  
engineers, shaping the  hab ita t in such a w ay th a t resources becom e m ore easily available for o ther 
organism s (Coull 1999, and references herein).

Harpacticoid copepods are rarely  the dom inant m eiofaunal group in m arine soft sedim ents (dom inance of 
nem atodes). Their occasional dom inance in coarse sedim ents as well as in m uddy salt m arsh  sedim ents 
(Hicks and Coull, 1983 and  references therein) and  during certain  periods of the  year, indicates th a t their 
d istribution  p a tte rns are  very habitat-specific and determ ined  by a se t of in teracting  biotic and abiotic 
variables and  by the ir (re)colonization success (Giere 2009).

Small-scale spatial zonation pa tte rn s of harpacticoid copepods (from cm to ha) are regulated  by physico­
chemical g radients and other abiotic factors (tem pera tu re  and salinity, grain size, redox potential 
discontinuity layer, oxygen, pore w ater content) (Findlay 1981). The d istribution of harpacticoids is also 
determ ined  by the patchiness of m icrobial food sources, as show n from  laboratory  experim ents (Gray 
1968, Lee e t al. 1977, Ravenel & Thistle 1981, Decho & Castenholz 1986) as well as spatial au to ­
correlation studies (Findlay 1981, Pinckney & Sandulli 1990, Blanchard 1991, Sandulli & Pinckney 1999). 
In tu rn , microalgal patchiness tends to be higher in siltier relative to sandy sedim ents, pointing tow ards a 
close link betw een food source d istribution and sed im ent type (Sandulli & Pinckney 1999).

The few available studies on tem poral fluctuations suggest th a t harpacticoid species d istribu tion  m ay be 
regulated  by tem pera tu re, food supply, p redation  p ressu re  and trophic com petition w ith o ther m eiofaunal 
groups. Possible exam ples of com petition are the inverse relationship betw een the  harpacticoid Tisbe sp. 
and nem atodes, and betw een Amphiascus /imicola and  Foram inifera in a m ud flat (Hicks and Coull, 1983). 
Trophic com petition am ong harpacticoid species has no t been dem onstra ted  directly, b u t ind irect or 
correlative observations and  biochem ical conten t of copepods suggest resource partition ing  (Pace & 
Carman 1996, Guisande e t al. 2002, De Troch e t al. 2005). Vanden Berghe and Bergmans (1981) suggested 
th a t the differential exploitation of photoauto trophic  (herbivore) and  bacterial food sources (bacterivore) 
am ong some co-occuring Tisbe sibling species can drive coexistence. By m eans of w ater-borne cues, 
harpacticoid copepods can locate food patches a t distances of m any body lengths (Seifried & Dürbaum  
2000, Fechter e t al. 2004). W hether trophic  niche separation  reduces resource com petition and 
contributes to the co-existence of harpacticoid species is still unclear.

POTENTIAL FOOD SOURCES AND POSITION OF HARPACTICOID COPEPODS IN THE 
BENTHIC FOOD WEB

M eiofauna m ay play a significant trophic role in benthic energetics (Pinckney e t al. 2003) and  are  involved 
in biom ineralisation, n u trien t regeneration  andecosystem  engeneering. Some of these  ecosystem  
functions rela te  to  the use of food sources and  feeding ra tes of harpacticoid copepods. Harpacticoida are 
able to consum e a w ide range of na tu ra l food sources e.g. microalgae, cyanobacteria, flagellates, ciliates, 
m ucoid substances, fungi, yeasts, bacteria  as well as artificial food sources, e.g. fish flakes (Hicks and Coull 
1983 and  references herein). The natu ral food sources th a t will be d iscussed in this thesis are p resen ted  
in fig. 5. These copepod-food source interactions w ere m ainly concluded from  laboratory  feeding studies 
and ind irect observations, using field d istribution patterns, gut analyses, etc. Currently, d irect evidence of 
food source assim ilation from  the field is ob tained from  tracing m olecular dietary  m arkers such as stable 
isotopes and fatty acids (see further).
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Harpacticoid copepods in in tertidal and  shallow  coastal sedim ents are prim arily  considered grazers on 
m icrophytobenthos (MPB) (herbivorous), p redom inantly  diatom s (Buffan-Dubau e t al. 1996) (fig. 5), and 
as consum ers of de tritus w ith its associated m icrobiota (detritivorous) (Danovaro 1 9 9 6 ). A high reliance 
of m eiofauna on diatom s is generally expected owing to the  constan t availability of diatom s in shallow- 
w ater ecosystem s (Gall & Blanchard 1995) and  to the ir high nutritional value because of the ir high 
conten t of essential amino acids and  fatty acids (Brown e t al. 1997), com pared to the  tem poral fluxes and 
low  n u trien t quality of Spartina  sp. (cordgrass) and  other vascular p lan t de tritus in salt m arshes or 
adjacent sedim ents. M oreover, harpacticoid copepods are  able to  discrim inate betw een  diatom  species, 
different diatom  sizes or different diatom  grow th phases (Lee e t al. 1977, Azovsky e t al. 2005, De Troch et 
al. 2006, De Troch e t al. 2012b). Due to such a highly selective feeding, harpacticoid copepods m ay (down- 
or up-) regulate MPB diversity  w ithou t changing overall MPB stock biom ass (Azovsky e t al. 2005). 
Detritivorous m eiofaunal organism s, feeding on detrita l particles and associated bacterial epibionts, have 
generally been though t to derive nu trien ts from  the  bacterial com ponent (Giere 2009), unlike in real 
detritivores such as the  polychaete Capitella capitata, which, depending on detritus quality, can derive a 
m ajor portion  of n itrogen  from  the  detrital substra te  itself (Tenore 1981, Findlay & Tenore 1982). There 
is still a strong  uncertain ty  about d ie tary  contributions of non-algal food sources to harpacticoid diets. 
O bservations of flagellate and ciliate p redation  or o ther carnivorous feeding by harpacticoid copepods are 
relatively scant, e.g. p redation  on ciliates (Rieper 1985, Reiss & Schmid-Araya 2011), on the ir own 
offspring (Dahms & Qian 2006) and on nem atodes (Lehman & Reid 1992), etc. In contrast, detritivory  and 
bacterivory am ong harpacticoid copepods have often been suggested, b u t little concrete evidence exists. 
On the o ther hand, ind irect trophic reliance of estuarine in tertidal nem atodes on detrita l carbon through 
bacterial feeding has been docum ented for a num ber of species (e.g. Moens & Vincx 1997, Moens e t al. 
1999a, Hamels e t al. 2001, De Mesel e t al. 2004)

HARPACTICOIDS
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Fig. 5. Schematic overview of the different microbial and non-microbial food sources which will be dealt w ith in this thesis. Blue 
arrow s represen t reported  interactions in literature. Red arrow s are indicative for the reverse or top-down copepod-bacteria link. 
Arrow thickness is an indication of the significance/strength of the interaction. Dotted lines are indirect copepod-bacteria 
interactions.
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Bacterivory

Bacterial densities in estuarine sedim ents are  often in the o rder of IO9 cells m l1 porew ater, which is two 
orders of m agnitude higher than  in the  pelagic, and are fairly constan t (Schmidt e t al. 1998). However, 
the ir fate is under debate. H eterotrophic pro tists are  the  m ain bacterivores, bu t bacterial carbon transfer 
to higher trophic levels is often ra th e r limited. Nevertheless, am ong m eiofaunal taxa, bacterivorous 
nem atodes are  well recognized (Moens & Vincx 1997, Moens 1999), e.g. in salt m arshes, w here they may 
play a role in the decom position processes of Spartina  sp. detritus th rough the ir top-dow n effect on the 
bacterial assem blages (De Mesel e t al. 2003, De Mesel e t al. 2004). However, no stra igh tforw ard  
statem ents on 'bacterivory by harpacticoid copepods’ have been made. Yet, several laboratory  studies 
have proven (1) the im portance of associated bacterial biofilms for harpacticoid substra te  selection (Gray 
1968, Hicks 1977), (2) harpacticoid preferential feeding on bacteria  while a m ore nu tritional food source 
is available, (3) the  ability of harpacticoid copepods to selectively choose certain  bacterial groups (Rieper 
1978, V andenberghe & Bergmans 1981, Rieper 1982, Carman & Thistle 1985, M ontagna e t al. 1995, 
Dahms e t al. 2007), and (4) assim ilation of bacterial carbon by harpacticoid copepods (Brown 1977, 
Decho & Castenholz 1986, M ontagna & Bauer 1988). O bservations are, how ever, too scattered  and  lim ited 
to reveal p a tte rns in the  occurrence and  prom inence of harpacticoid bacterivory, in relation to 
harpacticoid taxonom y, h ab ita t or bacterial groups. Furtherm ore, a trophic dependence on bacteria is 
though t to be specific for som e m ucus-producing copepods, e.g. the  encysting copepods Diarthrodes 
nobilis (Hicks & Grahame 1979) and Heteropsyllus nunni (Coull & Grant 1981), w here the m ucus provides 
an easily degradable substra te  for bacteria  and m ay function for m icrobial gardening, as also suggested for 
nem atodes and a few m acrofaunal species (Riemann & Schrage 1987, Riemann & Helmke 2002). The few 
indications of bacterial carbon assim ilation by harpacticoid  copepods are  re la ted  to grazing on 
auto trophic food sources such as diatom s, resulting  in a com bined uptake and  assim ilation of diatom  and 
bacterial carbon (Decho & Fleeger 1988) (fig. 5), or in an elevated or even exclusive assim ilation of 
bacterial carbon relative to diatom  carbon (Brown 1977, Decho & Castenholz 1986). Also, the copepod 
Paramphiascella fulvofasciata  responded  to the rem oval of its fecal pellets by an increased production  of 
fresh fecal pellets. In com bination w ith o ther observations, this suggests th a t this harpacticoid  copepod 
grazes upon its fecal pellets and m ore specifically on the bacteria  associated w ith the pellets (De Troch et 
al. 2009) (Fig. 1).

Since bacteria  (and detrita l m atter) are  com paratively poor-quality  food sources, typically lacking 
po lyunsaturated  fatty acids (Chen e t al. 2012) w hich are essential to harpacticoid copepods, the 
nutritional contribution  of bacteria  to consum ers is though t to be restric ted  to som e trace elem ents, such 
as vitam ins. In contrast, De Troch e t al. (2012a) dem onstra ted  th a t copepods assim ilate bacterial fatty 
acids and m ay bioconvert these to essential po ly-unsaturated  fatty acids w hich are  lacking in bacteria. 
Copepod gut absorp tion  is suggested to be evolutionarily adapted  to the absorption  of these essential 
nu trien ts  (M ayzaud e t al. 1998, Thor e t al., 2008).

APPLIED MOLECULAR TECHNIQUES TO STUDY HARPACTICOID FEEDING ECOLOGY

Investigation of m eiofaunal trophic interactions has been greatly  advanced by analyzing the m olecular 
com position of consum er and  food sources (Leduc e t al. 2009). Stable isotopes (13C /12C, 15N /14N) have 
been proven to  be pow erful tools to assign consum er d iet in the  field and  species troph ic  position in the 
food web, or to quantify d iet consum ption in iso tope enrichm ent experim ents (review  Boschker & 
M iddelburg 2002, Boecklen e t al. 2011). W ith each assim ilation step  in the food web, th ere  is a stepw ise 
enrichm ent (‘fractionation’) of the  organism  in the heavier isotope (13C, 15N), owing to a m etabolic loss of 
the lighter iso tope (12C, 14N) during food assim ilation and growth. Fractionation of carbon isotopes 
betw een consum er and  resource is ca. 0.5 %o, and thus carbon isotopic signature of the  consum er closely 
resem bles th a t of its diet, and  fractionation of nitrogen is ca. 3.4 %o (Post 2002, McCutchan e t al. 2003).
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Hence, dual stable isotope signatures of field-caught copepods reveal inform ation on the ir energy sources 
and the ir trophic position. A m inim al of 5 gg C and N is requ ired  for analysis and  this corresponds to 
around  tw enty  and sixty harpacticoid copepods, respectively. Consequently, stable isotope ratios of 
harpacticoid copepods have m ostly been rep o rted  a t the  com m unity level and  especially nitrogen isotopic 
signatures of copepods are  rare.

Given th a t harpacticoid  copepod diets m ay be complex (m ultiple food sources) and variable in time, their 
‘m ixed’ natu ral isotopic signatures m ay still give a false indication of food source utilization. H arpacticoid 
feeding ecology has been extensively stud ied  under sim plified feeding conditions in laboratory  
microcosms. In laboratory  feeding experim ents, harpacticoid copepods are  fed w ith 13C-enriched food 
sources, such as diatom s and bacteria w hich have been 13C-labelled during laboratory  culturing w ith 13C- 
b icarbonate and 13C-glucose, respectively (e.g. De Troch e t al. 2008, Ingels e t al. 2010). Isotope-enriched 
food sources allow  precise tracing of selective food uptake and this d ietary  inform ation from  both 
experim ental and natu ral isotopic signatures can be im plem ented in linear mixing m odels to  determ ine 
the relative im portance of resources and quantify energy transfer in m arine benthic food w ebs (e.g. van 
Oevelen e t al. 2006a, 2006b).

Diet can also be in ferred  from  the consum ers’ fatty acid com position and the  concentrations of individual 
fatty acids. Fatty acids are essential for the  functioning of cell m em branes (phospholipids) and for energy 
storage (triacylglycerols, wax esters). Certain individual fatty acids are  characteristic for a group of 
organism s and w hen tran sfe rred  to the consum er w ithou t fu rther modification, these are good dietary 
tracers or biom arkers (review  Kelly & Scheibling 2012). Biom arker fatty acids applied in m arine studies 
originate for instance from  m icrophytobenthos (20:5oo3, 22:6oo3) and  bacteria  (15:0, 17:0, 15:1, 17:1, 
18:1(jo7) (Kelly & Scheibling 2012, and  references therein). In com parison to stable isotopes, the fatty acid 
approach potentially  has a higher trophic  resolution as a mixed d iet may be revealed  by the presence of 
different b iom arkers in the  consum ers’ fatty acid pool. Analogous to the fractionation-issue in stable 
isotope approaches, the trophic transfer of fatty acids is no t absolute since m any incorpora ted  food- 
re la ted  fatty acids are  m odified by the consum er. Optim ization of the  fatty acid approach for m eiofaunal 
ecology research  is still ongoing, for example, by the search for m ore diagnostic fatty acids and  by 
a ttem pts to unravel the  pathw ays of fatty acid bioconversion. Consequently, stable iso topes and fatty acids 
data  can com plem ent each other, circum venting the lim itations of the individual approaches bu even this 
dual approach m ay no t allow to differentiate feeding on diverse m icrophytobenthos taxa (Leduc e t al. 
2009).

RELEVANCE OF COPEPODS FOR THE MICROBIAL LOOP

A part from  their potential trophic in teraction w ith bacteria, copepods have feedback links to the m icrobial 
loop. Firstly, copepods contribute to the  organic and inorganic inputs of the  m icrobial loop through the 
production  of dissolved organic m atter (DOM) and particu late organic m atte r (POM) in the form  of fecal 
pellets (fig. 5), and  the  excretion of inorganic nu trien ts  (NH4+, urea) (Moller e t al. 2003, 2011, Saba e t al. 
2011). Secondly, th rough fecal pellet production, copepods continuously deliver new  physical substra tes 
for bacterial a ttachm ent and  subsequen t cell division. Hence, copepod feeding activity enhances bacterial 
production and  biom ass (Eppley 1981, Roman e t al. 1988, Peduzzi & Herndl 1992, Vargas e t al. 2007), and 
bacterial activity (R ichardot e t al. 2001). The copepod body itself, especially the  m outh  and anal region, is 
also a favored substra te  for bacterial a ttachm ent (Carman & Dobbs 1997, Maran e t al. 2007).

DOM

In the pelagic, the  re lease of extracellular m aterial by prim ary  producers m ay provide abou t 50 % of 
carbon requirem ents of hetero troph ic  bacteria  (Baines & Pace 1991), suggesting th a t all hetero trophic
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bacteria  partly  depend  on allochtonous carbon from  the  detrita l pathway. Copepods lose about 50-70 % of 
grazed carbon, prim arily  in the form  of DOM ra th e r than  POM (Moller & Nielsen 2001). DOM production  is 
mainly due to sloppy feeding and to fecal pellet leaching. Rates of DOM production re la te  to copepod 
grazing activity and  assim ilation efficiency, both of w hich are in tu rn  influenced by the  size ratio  copepod- 
food source and by food availability (Moller & Nielsen 2001, Moller 2007)

POM

POM production  of planktonic copepods (Calanoida) m ainly com prises fecal pellets enclosed by a 
peritrophic  m em brane (Fig. 6). Planktonic copepods channel abou t one th ird  of ingested  carbon to fecal 
pellets (Fig. 7). In addition, d ispersed  am orphous small particles lacking a m em brane are  re leased  and 
these m ay even reach  up to  66%  of total fecal POM (Olesen e t al. 2005). It is unknow n w hether 
harpacticoid copepods also excrete such large fraction of am orphous m atte r in addition to the larger-sized 
fecal pellets.

Fig. 6. Harpacticoid fecal pellets resulting from diatom feeding in the laboratory: a) light microscopic image of fecal pellets from the 
harpacticoid Paramphiascella fulvofasciata, enclosed by a peritrophic m em brane (arrows) (De Troch et al. 2009), and b) SEM image 
of fecal pellets from Platychelipus littoralis.

Fecal pellet decomposition -  trophic upgrading

Through efficient degradation  of sinking fecal pellets by hetero troph ic  bacteria  and Zooplankton, ‘lost’ 
energy is shunted  back to the grazer food web. As such, copepod fecal pellets contribute significantly to 
the  energy flow and  n u trien t cycling in m arine ecosystems. Studies on the degradation  and fate of benthic 
fecal pellets are no t available, bu t a sim ilar process of fecal pellet recycling could be expected, w hereby 
fecal pellets are  rew orked  by bacteria  and  potentially  through fecal pellet-grazing harpacticoid copepods. 
Rapid degradation of planktonic fecal pellets is concluded from  the low fecal pellet abundances re trieved  
from  sedim ent traps in coastal environm ents. Over 60% of fecal pellet production appears to be recycled 
in spite of the fast sinking ra tes of copepod fecal pellets com pared to phytoplankton (Olesen e t al. 2005). 
No studies on degradation  ra tes for benthic fecal pellets exist.

Firstly, DOM-leaching soon after fecal pellet egestion stim ulates bacterial fecal pellet colonization and thus 
the ra te  of bacterial conversion of fecal POM to DOM. Planktonic copepod fecal pellets are bacterial ho t 
spots in term s of activity and  abundance (Jacobsen & Azam 1984, Tang e t al. 2001, Thor e t al. 2003), and  a 
sim ilar situation m ay be observed for benthic fecal pellets in view  of the ir close contact w ith fecal pellets 
in the sed im ent (De Troch e t al. 2010). Fecal pellet degradation ra tes can be highly variable, depending on 
a range of factors such as tem pera tu re , pellet density  (Hansen e t al. 1996), surface:volum e ratios (Hansen 
and Bech, 1996), etc. Also, the precise m echanism  of bacterial degradation  is still uncertain. The
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contribution of external versus in ternal bacteria  to fecal pellet degradation rem ains unknow n and the 
functional groups of active bacteria  (anaerobic or facultative aerobic bacteria) are  as ye t unidentified.

RFS 100%
sloppy feeding 49%

ingestion 51%
respiration
growth
reproduction
excretion

31%

egestion 20%

I _ y leakage from pellets 6% 

sedimentation 15%

Fig 7.. Carbon fluxes of grazing copepods (Calanus spp.) during spring bloom in Disko Bay, w estern Greenland, showing the 
percentage of carbon removed from suspension (RFS) that ends up in the carbon DOC and POC pools. From: Moller et al., 2003.

Secondly, fecal pellets may be consum ed by m arine detritivorous Metazoa. Filter-feeding planktonic 
copepods cap ture  fecal pellets and  re-process them  through coprorhexy (fragm entation of fecal m atter) 
and potentially  coprophagy (ingestion of fecal m atter) (Poulsen & Kiorboe 2005, Iversen & Poulsen 2007), 
thus facilitating fecal pellet re ten tion  in the  w ater colum n (review  by T urner 2002). Fecal pellet m atter is 
generally considered a poor-quality  food source and th ere  are  tw o explanations for the  in teraction  
betw een Zooplankton and the ir fecal pellets. Fecal pellet rew orking by Zooplankton is suggested to be a 
passive m echanism , resulting  from  unintentional capturing of these  particles during filter-feeding. 
Alternatively, fecal pellets are  of som e trophic value and  are actively consum ed by Zooplankton. Fecal 
pellets can contain high proportions of undigested, pro tein-rich  m atter. For example, during excessive 
food availability (diatom  bloom s) w hen food ingestion ra tes are  high and gut tran s it tim e is short, food 
digestion is less efficient and  viable diatom  cells are packed w ithin the fecal pellet. On the o ther hand, fecal 
pellets m ay be biochemically or trophically upgraded (gaining in trophic value) by bacteria  w hereby the 
extensive bacterial biom ass associated w ith the fecal pellet and no t the fecal m atter itself serves as a 
source of proteins. During bacterial degradation  of the  fecal pellet, he tero troph ic  bacteria  incorporate 
nitrogen from  the w ater and  use energy from  nitrogen-poor organic com pounds from  the fecal pellet to 
biosynthesize new  pro teins (Johannes & Satomi 1966). De Troch e t al. (2009) illustrated  th a t also in the 
benthic food web, a sim ilar in teraction  am ong copepods and fecal pellets exists, w ith bacterial 
decom posers as potential in term ediates. The harpacticoid copepod Paramphiascella fulvofasciata  
responded  to the rem oval of its fecal pellets by increasing its fecal pellet production  in term s of num ber of 
pellets (bu t no t n e t production) resu lting  in m ore bu t sm aller fecal pellets (De Troch e t al. 2009). This 
points tow ards the need  for fecal pellets in its vicinity and a potential trophic role of fecal m atter. 
Copepods are  am ong the group of detritivores th a t re-use  fecal pellets and  in particu lar the associated
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bacterial biofilm, albeit evidence for benthic species is still scarce (Koski e t al. 2005, De Troch e t al. 2009, 
Möller e t al. 2011). Fecal pellets can be a favourable food source during periods of low  diatom  availability 
(Johannes & Satomi 1966, Morales 1987). Yet, unequivocal evidence of the  trophic role of fecal pellets and 
its hetero troph ic  bacteria  is lacking.

RESEARCH OBJECTIVES AND THESIS OUTLINE

The overall aim  of this w ork  w as to gain insight into food source utilization by harpacticoid  copepods from 
a heterogeneous estuarine in tertidal ecosystem, focusing on species-specific responses to varying food 
availability, food quality and physical sedim ent characteristics and  w ith particu lar in te rest in the trophic 
im portance of bacteria for harpacticoid copepods. Hereby, this thesis dealt w ith the upw ards link (energy 
flow) betw een the m icrobial loop and the  basal grazers of the in tertidal benthic classic food web. For this 
purpose, both field data  (chapter 2 and 3) of harpacticoid  species w ith regard  to the ir spatio-tem poral 
d istribution  and d ietary  p a tte rn  w ere collected and experim ental feeding studies (chapter 4  and 5) w ith 
individual species w ere carried  out. The stud ied  harpacticoid species originated from  the Paulina 
in tertidal area. In the second part, the  reverse  or top-dow n link is studied, w hich involves the role of 
copepod fecal pellets as a substra tum  for bacteria  and the bacterial degradation process of copepod fecal 
pellets, hereby  focusing on the contribution  of in ternal and external fecal pellet bacteria  during early  
degradation  (chapter 6). Bacterial cell abundances, biom ass and the (state of) peritrophic  m em brane 
w ere also visualized by Atomic Force M icroscopy and  Laser Scanning Confocal Microscopy (AFM-LSCM), 
an innovative high-resolution im aging tool w hich offers new  prospects for studying microbial degradation 
of copepod fecal pellets (chapter 7).

All chapters from  this thesis, ap art from  the general introduction  and discussion, and  addendum  I 
rep resen t stand-alone research  papers, which are  published or in p ress (chapter 4, 5, 6; addendum  I), 
subm itted  (chapter 7) or in p repara tion  for subm ission (chapter 2, 3). Consequently, th ere  is some 
overlap in the  m aterial-and-m ethods sections and  in the  description of the  study area.

Here, in the general introduction (chapter 1), the  scientific setting  of this PhD thesis was outlined. It is 
im portan t to no te  th a t the o rder of the  following chapters does n o t necessarily  reflect the  o rder in which 
these research  aspects w ere perform ed, le t alone com pleted. A logical first step  w hen addressing the 
im portance of (variability in) food availability for, and resource partition ing  w ithin, harpacticoid  copepod 
assem blages, is to perform  a field study into both spatial and tem poral heterogeneity  in resource 
availability and copepod abundance and assem blage structu re  in a field situation, taking into account no t 
only variability in resources bu t also in o ther potential, m ainly abiotic, drivers of assem blage structu re  
and abundance. Hence, chapter 2 focused on the heterogeneity  and  structu ra l characteristics of in tertidal 
harpacticoid assem blages (density, diversity  and com position) from  five habitats in the  Paulina intertidal 
a rea differing in sed im ent characteristics, tidal height, presence of vegetation, etc. These w ere sam pled 
during 4 sam pling campaigns. The environm ental factors, com prising both  abiotic factors and food-source 
re la ted  factors regulating the spatio-tem poral variation  in harpacticoid assem blage com position, w ere 
determ ined. For the  m ost abundan t species, a m ore in-depth  analysis of the m ost influential factors for 
species d istribution  was perform ed, adding relevan t inform ation to the ir autoecology.

Chapter 3, then, used  natu ra l (mainly) carbon isotopic signatures as well as fatty acid biom arker pa tterns 
and abundances to infer field resource use of, and  resource partition ing  among, the m ost abundan t 
copepod taxa from chapter 2, covering exactly the  sam e spatial and  tem poral variability as in chapter 2 
and therefore allowing maximal linkage betw een  both chapters. This approach  allowed us to get a general 
idea of the  in situ  trophic im portance of bacteria, MPB and detritus as food for copepods and provided 
insights into (1) the  overall trophic diversity  of harpacticoid  species in the  study  area, com prising 
different habitats, and (2) trophic diversity  w ithin hab ita t types, as well as into (3) spatio-tem poral
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dietary  variability of som e of the  m ost abundan t species. It also allow ed a first assessm ent of the ex ten t of 
bacterivory in harpacticoid copepods from  this tidal flat-salt m arsh  system.

In chapters 4 and  5, we used m icrocosm  experim ents to  evaluate som e aspects of harpacticoid  bacterivory 
using 13C-labelled bacteria  as food. Two to four co-occuring harpacticoid  species originating from  the 
Paulina area w ere selected for these experim ents. Experim ents w ere perform ed while the sam pling 
cam paign for chapters 2 and  3 was still ongoing and w e did no t ye t have adequate inform ation on the in 
situ  feeding strategy. Our selection of species, therefore, aim ed to incorporate rep resen ta tives of different 
putative feeding ty p es/h ab its  (Hicks & Coull 1983). Since feeding behavior of harpacticoid  copepods is 
often linked to  m orphology a n d /o r  general behavior, e.g. epi- vs endobenthic life style, motility, tube- 
building, species to be used  in the laboratory  experim ents w ere selected based  on m orphological and 
behavioral characteristics and h ab ita t p reference (ep i/endobenth ic) and on field abundances. In the 
feeding experim ent of chapter 4, species-specific bacterial uptake and the m echanism  of uptake w ere 
exam ined by m eans of a 13C-enriched bacterial inoculum. Bacterial uptake m ight be selective considering 
the highly selective feeding behavior of harpacticoid copepods tow ards o ther food sources such as diatom  
cells. Additionally, harpacticoid copepods generally co-ingest bacteria  during diatom  grazing, b u t it  is 
unclear w hether bacterial uptake can be an independen t feeding strategy, i.e. independen t from  feeding 
on ano ther food source and  independen t of the presence of a grazing substra tum  in general. We 
specifically addressed  the following questions: can copepods ta rg e t bacteria  in absence of ano ther food 
source? Or in o ther w ords, can harpacticoid copepods consum e bacteria  associated w ith a purely physical 
grazing substra tum  w ithou t nutritional value (i.e. sed im ent grains). We also assessed w hether 
harpacticoid copepods are  physically able of consum ing bacteria in absence of such a grazing substratum . 
In addition, copepod fatty acid conten t and po lyunsaturated  fatty acid con ten t (PUFA) w ere screened  to 
assess copepods’ general condition after 4 days of incubation w ith a bacterial food source, and to identify 
the potential nu tritional contribution  of feeding on bacteria  in te rm s of fatty acids (next to the  bulk carbon 
transfer assessed  by the 13C assim ilation). In a subsequen t food selection experim ent (chapter 5), the 
ability of harpacticoid copepods to select betw een tw o bacterial species was tested , using th ree  bacterial 
strains offered as l x l  com binations. Selected bacterial strains w ere  chosen based  on the ir differences in 
fatty acid and  p ro tein  com position and  thus potential nutritional value, a characteristic  th a t m ight drive 
harpacticoid selective feeding a n d /o r  assimilation.

The rem aining tw o regular chapters (chapters 6 and  7) focused on the  role of bacteria  as colonizers and 
decom posers of copepod fecal pellets. In particular, in chapter 6 w e attem pted  to evaluate the relative 
im portance of in ternal versus external active fecal pellet bacteria  in the early degradation process (up to 
60 h incubation in natu ral seaw ater) through genetic and  m etabolic com m unity profiling of active 
bacterial com m unities on fecal pellets of different age. We hypothesized th a t active external bacteria, 
which are expected to rapidly colonize the  fecal pellet, w ould dom inate over in ternal active bacteria  and 
therefore  dom inate the  decom position process. The presence of in ternal and external bacteria, as well as 
the  peritrophic  m em brane surrounding  the  fecal pellet w ere visualized using the h igh-resolution imaging 
technique Atomic Force Microscopy - Laser Scanning Confocal Microscopy (AFM-LSCM) (chapter 7) by 
m eans of an optim ized protocol. AFM generally allows studying bacterial cell size, cell shape and  cell-cell 
interactions. Here it  w as applied (1) to visualize the u ltra-structu re  and m easure the thickness of the 
peritrophic  m em brane and  (2) to locate and  quantify bacterial presence (cell size m easurem ents) both 
inside and outside the fecal pellet.

The m ain conclusions of this w ork  are  sum m arized and discussed in chapter 8.

This w ork  has been supported  by a Ph.D. g ran t from  the agency for Innovation by science and Technology 
(IWT) (data from  October 1th 2008 onw ards). During the year p rio r to attain ing IWT financing, an 
experim ental study was perform ed w ith  focus on harpacticoid m icroalgal feeding and  the suitability of a 
p reserved  food source (addendum  I). Diatom assim ilation was low er on the p reserved  food source 
com pared to freshly-cultured living diatom  cells. The reduced  palatability  of p reserved  diatom  cells could 
be re la ted  to reduced  chemical signaling (absence of diatom  EPS) in terfering w ith copepod grazing
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activity and diatom  ingestion. On the o ther hand, assim ilation of p reserved  diatom s could be ham pered  by 
a reduced  (active) bacterial film attached  to the diatom  cells, w hich in tu rn  has affected copepod gut flora 
and fecal pellet bacteria.

A ddenda II to  VI com prise supplem entary  m aterial to the  chapters 2 to 6.
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