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Summary 18 

The development of effective management strategies to reduce the occurrence of diseases in 19 

aquaculture is hampered by the limited knowledge on the microbial ecology of these systems. 20 

In this study, the dynamics and dominant community assembly processes in the rearing water 21 

of Litopenaeus vannamei larviculture tanks were determined. Additionally, the contribution of 22 

peripheral microbiomes, such as those of live and dry feeds, to the rearing water microbiome 23 

were quantified. The community assembly in the hatchery rearing water over time was 24 

dominated by stochasticity, which explains the observed heterogeneity between replicate 25 

cultivations. The community undergoes two shifts that match with the dynamics of the algal 26 

abundances in the rearing water. Source tracking analysis revealed that 37% of all bacteria in 27 

the hatchery rearing water were either introduced by the live or dry feeds, or during water 28 

exchanges. The contribution of the microbiome from the algae was the largest, followed by that 29 

of the Artemia, the exchange water and the dry feeds. Our findings provide fundamental 30 

knowledge on the assembly processes and dynamics of rearing water microbiomes and 31 

illustrate the crucial role of these peripheral microbiomes in maintaining health-promoting 32 

rearing water microbiomes. 33 

Originality-Significance Statement 34 

Most studies on rearing water microbiomes are characterized by sampling resolutions of 35 

multiple days and by few replicate cultivations. Through an 18-day sampling campaign in a 36 

Litopenaeus vannamei hatchery where five replicate cultivations were studied at a sampling 37 

resolution of one day, we studied the microbiome dynamics in this system. We show that the 38 

community assembly is dominated by stochasticity, which explains the heterogeneity between 39 

replicate cultivations. The dynamics of the algal community in the rearing water induced shifts 40 

in community composition at two differerent timepoints. Finally, we quantified the 41 
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contribution of live and dry feed microbiomes to the rearing water community for the first time. 42 

We found that the contribution of each source was dependent on its taxonomic composition, 43 

the bacterial load caused by the addition of this source and the timing of the introduction. These 44 

new insights will aid in the further development of effective microbiome management to reduce 45 

the frequency and magnitude of bacterial diseases.  46 
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Introduction 47 

Outbreaks of microbial diseases have posed one of the main impediments to the sustainable 48 

growth of the aquaculture industry (Stentiford et al., 2017; Shinn et al., 2018). Complex changes 49 

in the microbial community structure have been hypothesized to be related with disease 50 

outbreaks (Xiong, Zhu, and Zhang, 2014; Lemire et al., 2015; Dai et al., 2020; Huang et al., 2020). 51 

The aquaculture sector is in need of effective microbial management strategies in order to 52 

reduce the occurrence of bacterial diseases. The development and improvement of such 53 

strategies is currently hampered by the limited knowledge of the microbial ecology of these 54 

systems (De Schryver and Vadstein, 2014; Bentzon-tilia et al., 2016). 55 

As compared to terrestrial agriculture, aquatic organisms exist in closer relationship with their 56 

surrounding microbiomes (De Schryver and Vadstein, 2014). Numerous molecular studies have 57 

found a link between the microbiome of the host and that of the rearing environment (Chen et 58 

al., 2017; Zheng et al., 2017; Sun et al., 2019; Angthong et al., 2020). The cultivated organisms 59 

recrute and enrich specific taxa from their environment (Bakke et al., 2015; Yan et al., 2016; Li 60 

et al., 2017; Xiong et al., 2019; Zhang et al., 2019). For multiple aquatic species, it has been 61 

reported that the larvae-associated microbiomes are more similar to the rearing water 62 

microbiomes as compared to those in the live or dry feed products (Mcintosh et al., 2008; Bakke 63 

et al., 2013; Giatsis et al., 2015). These studies illustrate the importance of the rearing water 64 

microbiome in facilitating host-microbiome interactions.  65 

Molecular studies on rearing water microbiomes have shown that the community composition 66 

of these systems is dynamic over time (Xiong, Zhu, Wang, et al., 2014; Zheng et al., 2017; Yan et 67 

al., 2020), and exhibits large variability across replicate cultivations (Schmidt et al., 2017; Chun 68 

et al., 2018; Li et al., 2019; Rita et al., 2019; Wiborg et al., 2020). The water microbiome 69 

experiences frequent disturbances through the addition of live and dry feeds, probiotics and 70 
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water exchanges, each of which carries with them their own microbiome. It remains largely 71 

unknown to what extent the microbial taxa that enter the rearing water can thrive, or even 72 

grow (Vadstein et al., 2018). The feed products and faecal material produced by the animals 73 

cause eutrophication of the water and therefore stimulate bacterial growth (Lucas et al., 2010; 74 

Chen et al., 2017). Zheng et al. (2017) suggested that the shift from one live feed product to 75 

another may be responsible for changes observed in the rearing water microbiome, which 76 

illustrates the possibility of outgrowth of bacteria from these sources. Live feeds have been 77 

associated with potential opportunistic pathogens and antibiotic-resistant bacteria (Mcintosh 78 

et al., 2008; Hurtado et al., 2020; Turgay et al., 2020), hence, it is crucial to understand the 79 

contribution of these microbes to the rearing water microbiome. Additionally, the magnitude 80 

and frequency of disturbances, such as nutrient shocks, have been shown to alter community 81 

assembly processes (i.e. stochastic/deterministic balance, Jiang and Patel, 2008; Zhou et al., 82 

2014; Santillan et al., 2018). Consequently, the regime of these disturbances may be an 83 

important driver for the community assembly in the rearing water.  84 

Most studies on the rearing water microbiome are characterized by sampling resolutions of one 85 

sample every few days or investigate very few replicate cultivations. Therefore, their resolution 86 

does not allow to unveil the complete microbiome dynamics. Additionally, these studies mostly 87 

investigate either the bacterial community composition or the bacterial densities, but not both. 88 

As has been reported previously, it is crucial to measure both the absolute and relative 89 

abundances of microbial taxa to ensure correct interpretation of survey data (Props et al., 90 

2017). Also in the context of bacterial disease management in aquaculture, absolute 91 

abundances are a crucial factor since virulence of opportunistic pathogens, such as several 92 

Vibrio, Aeromonas and Edwardsiella strains (Henke and Bassler, 2004; Bi et al., 2007; Zhang et 93 

al., 2008), can be density dependent through the regulation of virulence factors by quorum 94 

sensing. Additionally, quantification of absolute abundances is important to understand the 95 
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potential outgrowth of entering micro-organisms, since invader density is an important 96 

predictor for invasion success (Jones et al., 2017; Kinnunen et al., 2018). 97 

To be able to effectively steer the microbiomes towards health-promoting, productive 98 

ecosystems, it is imperative to advance our understanding of the assembly, temporal dynamics 99 

and drivers of these microbial communities. We performed a sampling campaign on 100 

Litopenaeus vannamei larviculture and studied the extent to which bacterial taxa present in the 101 

rearing water originate from the live and dry feeds or from the exchange water (i.e. sea water 102 

that is used to replace part of the rearing water in order to maintain good water quality). We 103 

further identified drivers of the community dynamics and determined community assembly 104 

processes using an established ecological framework. 105 

106 
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Results 107 

Five replicate Litopenaeus vannamei larviculture tanks and all sources that were expected to 108 

contribute to the rearing water microbiome, including dry feeds, Artemia, algae and exchange 109 

water, were monitored over 18 days (life stages N5 to PL10, Figure 1). The rearing water was 110 

sampled at a resolution of 3 hours for flow cytometry and once per day for 16S rRNA gene 111 

sequencing. Over the cultivation, tank 1 and 4 reached 100% larval mortality at day 13 and 10, 112 

respectively (Supplementary Figure 1). Only data from before the mortality event was included 113 

for these tanks. 114 

Bacterial and algal abundances in the rearing water 115 

At the start of the cultivation, after addition of the larvae to the tanks, the bacterial 116 

concentration in the water was 4.21 ± 1.44 × 105 cells/mL, and algal cell densities were below 117 

the limit of detection (i.e. < 103 cells/mL). Over the following days, a consistent increase in 118 

bacterial concentrations was observed for all tanks, reaching an average density of 2.33 ± 0.71 119 

× 107 cells/mL on day 7 (Figure 2A). From day 7 on, the patterns of bacterial cell concentrations 120 

started to diverge between the tanks. All tanks experienced a drop in bacterial cell 121 

concentrations, followed by a recovery and further increase. The magnitude and timing of this 122 

decrease and the ensuing cell growth differed between the tanks and led to differences in 123 

bacterial densities of up to 1 log10 unit across the tanks. 124 

Chaetoceros cancitrans algae were used to feed the larvae over the first 10 days. During this 125 

period, algal densities in the rearing water ranged between 1.99 × 103 and 1.03 × 105 cells/mL. 126 

After the addition of algae stopped, there was a fast decline in algal densities to below the 127 

detection limit on day 12 (Supplementary Figure 2). 128 

Temporal community dynamics  129 
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A PCoA ordination of the Bray-Curtis dissimilarity of the bacterioplankton communities 130 

revealed a consistent temporal trend for the replicate tanks (Figure 3 A). A first shift in 131 

community composition was observed from day 2 to day 3 (Figure 2 B, Figure 3 A). Beta-132 

diversity partitioning revealed that the observed shift was almost completely (> 99.5 %) 133 

attributed to changes in the relative abundances of OTUs that were already present in the 134 

system (i.e. ‘abundance variation’), and, thus, not to a large invasion of new taxa (i.e. “turnover”, 135 

Supplementary Figure 3). Over this period bacteria were actively growing in the rearing water 136 

and bacterial densities increased on average 2.2 fold (Figure 2A). Together, this indicates that 137 

the observed community shift was caused by a grow-out that gave rise to an enrichment of 138 

specific community members. The OTUs for which there was a sharp increase in relative 139 

abundance belonged to the genera Phaeodactylibacter (OTU1), Marivita (OTU2), Donghicola 140 

(OTU4) and Pseudoalteromonas (OTU13 and OTU27). The initial community composition and 141 

dynamics in tank 4 were partly deviating from those of the other tanks (Supplementary Results, 142 

Supplementary Figure 4). During the bacterial grow-out from day 2 to day 3, the deviation of 143 

tank 4 from the other tanks was reduced, as shown by the lowered average Bray-Curtis 144 

dissimilarity between this tank and the other tanks (Figure 3B). The average dissimilarity of 145 

tank 5 as compared to the other tanks increased, and this was mainly caused by the more 146 

pronounced grow-out of Marivita sp. in this tank as compared to the other tanks (Figure 2B, 147 

Figure 3B). 148 

A second shift established on day 10-11, which corresponded to the final addition of algae as a 149 

live feed and the subsequent steep drop in algal abundances in the rearing water on day 11 150 

(Supplementary Figure 2). The absolute abundances of 39 OTUs were significantly (p < 0.001) 151 

correlated with the algal densities in the rearing water (Supplementary Table 1). This included 152 

some OTUs that had been dominant over the first half of the cultivation, and belonged to the 153 

genera Phaeodactylibacter (OTU1, rp = 0.55), Balneola (OTU5, rp = 0.55), Owenweeksia (OTU19, 154 
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rp = 0.35), unclassified Saprospiraceae (OTU30, rp = 0.36) and unclassified Rhodobacteraceae 155 

(OTU6, rp = 0.43). Along with the steep drop in algal abundance, the relative abundance of these 156 

OTUs quickly declined, resulting in the observed community shift. Beta-diversity partitioning 157 

confirmed this observation by attributing only a marginal fraction (0.01 - 1.18 %) of the total 158 

dissimilarity to turnover and attributing most of it to changes in the relative abundances of 159 

resident OTUs (Supplementary Figure 3). 160 

Over time, the dissimilarity between the replicate tanks increased (Figure 3B). Along with the 161 

shift in community composition that occurred around day 11, the sharpest increase in the 162 

variability between the replicate tanks was observed (i.e. from day 11 to day 12, Figure 3B). 163 

Afterwards, the inter-tank variability remained high and the dominant community members 164 

differed between the tanks until the end of the cultivation. Beta-diversity partitioning of the 165 

dissimilarities between the tanks revealed that the tanks are mainly composed of the same taxa, 166 

but they differ from one another due to different relative abundances of these taxa (i.e. 0.26 % 167 

turnover on average, Figure 3C). 168 

Pheripheral microbiomes  169 

Throughout the cultivation, the larvae were fed with different live (algae and Artemia) and dry 170 

feed products (Figure 1). To be able to evaluate the influence of these peripheral microbiomes 171 

on the rearing water microbiome, the cell densities and community composition of these 172 

sources were investigated. The microbiomes of the different types of peripheral microbiomes 173 

(i.e. algae, Artemia, dry feed and exchange water) were different from the rearing water and 174 

were significantly different from one another (r2 = 0.34, p = 0.001, PERMANOVA; 175 

Supplementary Figure 5). 176 

From day 1 (N5) to day 10 (PL2), Chaetoceros algae were cultivated in aerated bioreactors and 177 

used as live feed. Every day, a single bioreactor was used for two feeding-events. Over the days, 178 
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bacterial densities in these bioreactors differed up to 1 log10 unit (from 1,30 × 106 to 3,28 × 107 179 

cells/mL), and there was a maximum 5 fold-change in bacterial densities between the two 180 

feeding-events from the same bioreactor (Figure 4A). The average Bray-Curtis dissimilarity 181 

between the communities in the bioreactors was 0.78 ± 0.17, indicating a large batch-to-batch-182 

variability (Supplementary Figure 6). Partitioning of the Bray-Curtis dissimilarity indicated 183 

that most variation was explained by differences in relative abundance of the same set of taxa 184 

(< 99.5%, Supplementary Table 2). Hence, despite the batch differences, 16 core taxa could be 185 

identified (i.e. taxa that were detected in 75% of the samples, Supplementary Table 3). 186 

From day 5 to day 18 shrimp larvae were fed with Artemia, for which a new batch of cysts was 187 

hatched every 24 hours and stored at 4°C. The starting bacterial density of the batches ranged 188 

from 3.09 × 105 cells/mL to 3.89 × 106 cells/mL (Figure 4C). During the storage, bacterial 189 

growth was observed daily, which caused a 1.2 to 10 fold increase in bacterial densities. As was 190 

the case for the algae, microbiome composition differed largely between the different batches, 191 

as indicated by the average Bray-Curtis dissimilarity of 0.72 ± 0.17, and beta-diversity 192 

partitioning revealed that these were mainly related to differences in relative abundances of 193 

the taxa that were present (Supplementary Figure 6, Supplementary Table 2). 27 core taxa were 194 

identified (Supplementary Table 4). 195 

Five dry feed products were used to feed the larvae throughout the cultivation. Feed product 1 196 

contained a bacterial density of 3.66 × 109 cells/g. For the other dry feeds it was not possible to 197 

accurately determine cell densities by flow cytometry (see Supplementary Experimental 198 

Procedures). 16S rRNA gene sequencing provided evidence for the presence of a bacterial 199 

community also in these feeds, as the detected taxa were distinct from the potential kit 200 

contaminants (Supplementary Figure 7). In contrast to the rearing water and other pheripheral 201 

microbiomes, the dry feed microbiomes were dominated by Gram-positive taxa 202 

(Supplementary Figure 6). There were large differences between the community composition 203 
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of the different products, which were mainly due to differences in relative abundances of the 204 

same set of taxa (Supplementary Table 2). 205 

Water exchanges were performed every other day (30 - 50% of the tank volume) starting at 206 

day 7. The cell densities in the exchange water ranged from 1,64 × 104 to 4,62 × 105 cells/mL 207 

(Figure 4B). The community composition between the water batches differed with an average 208 

Bray-Curtis dissimilarity of 0.83 ± 0.14 (Supplementary Table 2). As for the other sources, these 209 

differences were related to differences in the relative abundances of a same set of taxa. Despite 210 

the differences between the exchange water on different days, 16 core taxa could be identified 211 

(Supplementary Table 5). 212 

Source tracking  213 

Each source had a different bacterial abundance and was added in a different quantity and with 214 

a different frequency. As such, it introduced different microbial loads to the rearing water 215 

(Supplementary Figure 8). On average, when algae were added, a bacterial load of 1.22 × 104 216 

cells/mL/d was added to the rearing water. For the Artemia this was 1.18 × 104 cells/mL/d, for 217 

the dry feed 8.42 × 103 cells/mL/d and for the water exchange 1.45 × 102 cells/mL/d. It should 218 

be noted that for the dry feeds this is an underestimation, since we could only determine the 219 

bacterial loads accurately for one feed product (see Experimental Procedures).  220 

To investigate to what extent the bacterial taxa detected in the rearing water were associated 221 

with the use of the different feed sources, the absolute OTU loads in the rearing water were 222 

compared with the OTU load introduced through the feeds and exchange water (see 223 

Experimental Procedures for the details on the protocol). This analysis revealed that each of 224 

the investigated sources was responsible for the presence of specific taxa in the rearing water. 225 

In total, 57 introduction events were detected and the presence of 42 out of the 498 rearing 226 

water OTUs could be attributed to the addition of the sources (Figure 5A). Of these OTUs, 26 227 
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originated from the algal cultures, 15 from the Artemia, 6 from the exchange water and 1 from 228 

the dry feed products. Several of the OTUs were associated with multiple sources, either on the 229 

same day (e.g. OTU21, Winogradskyella) or on different days (e.g. OTU19, Owenweeksia sp.).  230 

Remarkably, the introduced OTUs did not belong to the dominant members in the source 231 

microbiomes (i.e. only 7 out of 42 OTUs had an abundance > 5% in the source from which they 232 

were introduced, Figure 5B). Of the 57 events, 49 were classified as a new introduction, 233 

indicating that most of the introduced OTUs were either completely absent in the tank 234 

microbiomes, or they had been present before, but were already reduced to below the detection 235 

limit. 236 

Several of the introduced OTUs had a long residence time after their introduction, such as OTU2 237 

(Marivita sp.) which remained present until the end of the cultivation after its introduction on 238 

day 1, whereas other OTUs had residence times of only 1 or 2 days (Figure 5C). The relative 239 

abundances of the introduced OTUs in the water could reach up to 60 % (Figure 5D). The initial 240 

fold-change that was caused by the introduction of the OTU within 24 hours after its addition 241 

was not related to the maximal relative abundance or residence time of this OTU in the rearing 242 

water. For example, OTU1 (Phaeodactylibacter sp.), which was initially introduced with a 243 

relatively small log2(fold change) of 1.2, remained present in the rearing water for 6 - 13 days 244 

dependent on the tank, and reached relative abundances > 60%. This indicates that even the 245 

OTUs that entered the tanks in a relatively low abundance have the potential to grow out to one 246 

of the most abundant OTUs in the system. In total, the introduced OTUs represented 37 % of 247 

the rearing water community over the entire cultivation. 248 

Community assembly in the rearing water 249 

The framework developed by Stegen et al. (2013) was used to determine dominant community 250 

assembly processes in the rearing water over time and to assess the assembly processes that 251 
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were responsible for the introduction of taxa from the sources. The community assembly in the 252 

individual tanks was evaluated through the comparison of the microbiomes on consecutive 253 

days (i.e. day 𝑖 to day 𝑖+1), for each tank separately. For all tanks, the main community drivers 254 

were stochastic processes (i.e. 50 % ‘drift acting alone’, 36 % ‘homogenising dispersal’ and 4 % 255 

‘dispersal limitation combined with drift’), and the contribution of selective processes was 256 

limited (i.e. 9 % ‘homogeneous selection’ and 1% of ‘variable selection’) (Figure 6A, 257 

Supplementary Figure 9).  258 

The assembly process that was responsible for the introduction of taxa from the sources was 259 

assessed through comparison of the microbiome in each of the sources to those present in the 260 

rearing water one day after the introduction of the source. In this case, only the presence or 261 

absence of selective forces was evaluated. In light of the introduction of taxa from the external 262 

sources, heterogeneous selection can be interpreted as selection for different properties as 263 

compared to those in the source, while homogeneous selection can be interpreted as selection 264 

for similar bacteria in the rearing water as compared to those present in the source. The 265 

assembly process from the sources differed depending on the source type (Figure 6B). For all 266 

sources except for the dry feed, the assembly was dominated by drift (i.e. no selection in favour 267 

of bacteria from these sources, nor selection against) with a limited contribution of 268 

homogeneous selection (i.e. 4 % for the exchange water, 2 % for the Artemia and 17 % for the 269 

algae). For the dry feed the assembly was 61 % governed by variable selection.  270 
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Discussion 271 

Algal populations steer the bacterioplankton dynamics 272 

To obtain microbial control of aquaculture systems it is paramount to understand the drivers 273 

of community composition and dynamics (Bentzon-tilia et al., 2016). Our data indicated that 274 

the communities were continuously changing and that two major shifts occurred (i.e. on day 2 275 

and day 10-11), which were linked to the dynamics of the algal cell densities in the rearing 276 

water. The first shift was caused by a rapid grow-out of specific bacterial taxa. There are two 277 

possible explanations for this dynamic: an enrichment of bacteria that grow fast on feed and 278 

faecal material which accumulates in the tank (De Schryver and Vadstein, 2014; Chen et al., 279 

2017) or of bacteria that can grow effectively on algal exudates, given the sharp increase in algal 280 

densities (Natrah et al., 2014; Mühlenbruch and Grossart, 2018). After this shift the 281 

communities were dominated by taxa of which the absolute abundance was significantly 282 

correlated with the algal densities (Supplementary Table 1). This supports the hypothesis of 283 

outgrowth by algae-associated bacterial taxa. The shift caused an enrichment of the same taxa 284 

in all replicate tanks which synchronised the community composition across the tanks (Figure 285 

3B). This can be explained by the community assembly being dominated by homogenous 286 

selection and dispersal limitation, two processes that reduce compositional turnover 287 

(Supplemantary Figure 9). Algal feeding stopped after ten days which caused a decrease in algal 288 

abundance, followed by a decrease in the abundance of algae-associated bacterial taxa. This 289 

initiated the second community shift that further increased the divergence in community 290 

composition between the replicate tanks.  291 

Phytoplankton is known to steer bacterial communities (Pinhassi et al., 2004; Teeling et al., 292 

2016; Park et al., 2020). Tang et al. (2020) compared cultivations with live and powdered algae 293 

and showed that the algae actively modulated the rearing water microbiomes and increased 294 
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cultivation performance. This principle is widely adopted as the ‘green water technology’, 295 

where the presence of algae in rearing water is promoted to improve cultivation performance 296 

(Corre et al., 2005; Neori, 2011; Charoonnart and Purton, 2018). The bacterioplankton may be 297 

steered by the phytoplankton through different mechanisms. On the one hand, the 298 

phytoplankton can compete with bacteria for space and nutrients, and, as such, reduce the 299 

outgrowth of bacteria (Mills et al., 2008; Fourquez et al., 2015). On the other hand, the 300 

phytoplankton can interact with and promote specific taxa, as was observed in our study. This 301 

interaction can take place through the production of algal exudates that may serve as resources 302 

for growth (Smriga et al., 2016) or have inhibitory properties (Molina-cárdenas and Sánchez-303 

saavedra, 2017) for specific taxa. 304 

During the cultivation the rearing water is eutrofied which has been shown to increase 305 

stochasticity in community assembly and to disturb community stability (Yang et al., 2018). Our 306 

results indicate that the presence of the phytoplankton community was associated with the 307 

presence of specific bacterial taxa and, as such, stabilised the community composition over the 308 

replicates. This stabilising effect is in accordance with the study of (Yang et al., 2020) which 309 

showed that different types of phytoplankton influence the rate at which community change 310 

over time, and that this is dependent on the type of algae that were used. However, it should be 311 

noted that even though the phytoplankton reduced divergence between the replicate tanks, this 312 

did not prevent mass mortality occurring in one of the tanks while algae were abundant in the 313 

rearing water (i.e. tank 4). Further research regarding the algae-bacteria interactions in healthy 314 

and diseased systems is needed to determine how phytoplankton can be used effectively to 315 

steer the rearing water microbiomes towards health-promoting states. 316 

These findings further demonstrate the important role of phytoplankton as a steering factor of 317 

aquaculture microbiomes and indicate that management of the stability of the phytoplankton 318 
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community and its bacterial associates in the rearing water is of great interest during 319 

cultivation. 320 

Rearing water community assembly is dominated by stochasticity 321 

Understanding community assembly processes is imperative to allow the development of 322 

effective microbiome management strategies. For example, it can enhance the predictability of 323 

factors that determine the establishment of introduced bacteria, such as probiotics (Dini-324 

andreote and Raaijmakers, 2018; Pearson et al., 2018), and it may aid in determining optimal 325 

process monitoring regimes. 326 

Beta-diversity analysis revealed that the rearing water community composition gradually 327 

changes over time (Figure 3A, Supplementary Figure 3), and that through these changes the 328 

microbiomes of the replicate tanks increasingly diverged from one another (Figure 3B). The 329 

taxa that were present in the replicate tanks were similar, but the relative abundances at which 330 

they were present were highly differing (Figure 3C). The community assembly assessment 331 

revealed that the temporal dynamics in the rearing water communities are mainly governed by 332 

stochastic processes (Figure 6A), which can explain the observed heterogeneity. This 333 

stochasticity implies that these larviculture system dynamics are largely unpredictable (Zhou 334 

and Ning, 2017) and hence they necessitate continuous monitoring. 335 

Divergence between replicates, such as observed in our study, is a frequently observed 336 

phenomenon (Schmidt et al., 2017; Chun et al., 2018; Li et al., 2019; Rita et al., 2019; Wiborg et 337 

al., 2020). Hence, stochastic assembly may be a widespread characteristic aquaculture systems. 338 

However, community assembly may depend on the type of rearing system as this determines 339 

operational characteristics such as water exchanges/recirculation, feeding frequency, etc. 340 

Further research is needed to test the generalisability of our observation.  341 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 14, 2020. ; https://doi.org/10.1101/2020.08.14.251041doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.251041


17 
 

Not only community composition, but also bacterial densities diverged between the replicate 342 

tanks, causing the larvae in replicate tanks to be exposed to different bacterial taxa at different 343 

bacterial loads. Given the well-documented link between host and rearing water microbiomes 344 

(Zheng et al., 2017; Sun et al., 2019; Angthong et al., 2020), this heterogeneity may have its 345 

implications on the reproducibility of cultivation performance. In fact, high mortality and low 346 

reproducibility between replicate cultivations are commonly observed in hatcheries (Vestrum 347 

et al., 2018). However, it should be noted that the cultivated organisms can select for specific 348 

taxa from their environment (Yan et al., 2016; Li et al., 2017; Dai et al., 2020), and the exact 349 

implications of rearing water community heterogeneity on the reproducibility of cultivation 350 

performance remains to be elucidated. 351 

Peripheral microbiomes are characterised by batch-differences 352 

A hatchery consists of several microbial compartments, including the water column, the larvae, 353 

the larval feed, etc. (Goulden et al., 2013). Most studies have focussed on the rearing water and 354 

host-associated microbiomes, but did not simultaneously investigate the community 355 

composition of these peripheral microbiomes. Even though they are recognised as an important 356 

factor for biosecurity (Høj et al., 2009), limited information is available about batch-variability, 357 

bacterial dynamics under storage conditions, etc., in commercial hatcheries.  358 

For each of the peripheral microbiomes a high batch-to-batch variability was observed. These 359 

batch-differences were mainly attributed to large differences in the relative abundances of 360 

members within a same set of taxa (Supplementary Table 2), and each source was associated 361 

with a typical set of “core” taxa (Supplementary Figure 6). Also in terms of bacterial densities, 362 

a high variability between and within batches was observed (Figure 4).  363 

The presence of a core set of bacteria in the algal cultures is in accordance with the previously 364 

reported specificity of algae-associated microbiomes (Goecke et al., 2013; Behringer et al., 365 
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2018; Fulbright et al., 2018; Mönnich et al., 2020) (Supplementary Table 3). Many of the taxa 366 

that were identified as core members of the algal cultures have been reported to be associated 367 

with Chaetoceros sp., including Phaeodactylibacter, Neptuniibacter, Arthrobacter, Marinobacter, 368 

Alteromonas, Rhodobacteriaceae, Aestuariibacter, Marinobacter (Baker et al., 2016; Crenn et al., 369 

2018; Angthong et al., 2020).  370 

For Artemia, the taxa that were identified as core members have been previously observed in 371 

this system, including Alteromonas, Vibrio, Nautella, Donghicola, Halomonas and 372 

Rhodobacteriaceae (Mcintosh et al., 2008; Tkavc et al., 2011; Walburn et al., 2019; Angthong et 373 

al., 2020) (Supplementary Table 4). The core microbiome of the Artemia storage water 374 

harboured several taxa that were classified as Vibrio sp., however, due to the limitation of 16S 375 

rRNA sequencing we cannot determine wether these bacteria are of concern for the shrimp 376 

health in this experiment. This is in accordance with previous studies that reported members 377 

of the Vibrio genus naturally occur in Artemia-associated microbiomes (Lopez-Torres and 378 

Lizarraga-Partida, 2001; Thompson et al., 2004; Høj et al., 2009; Tkavc et al., 2011; 379 

Interaminense et al., 2014). Over the course of 24 hours, bacterial growth which caused up to 1 380 

log10-unit differences in bacterial densities was observed. Hence, the storage conditions did not 381 

supress bacterial growth. This illustrates that rigorous temperature control is key for bacterial 382 

control. The last time point of every batch was sampled for Illumina sequencing, therefore we 383 

can make no claims as to which bacterial taxa were growing during the cold storage.  384 

Microbiomes of formulated dry feeds are studied less as compared to those of the live feeds. In 385 

our study, the microbiomes of the five dry feed products were dominated by Gram-positive 386 

bacteria (Error! Reference source not found.), which is in correspondence with a previous 387 

report (Giatsis et al., 2015). Some of the families and genera that were detected in the feeds 388 

have previously been found in dry feed microbiomes, such as Bacillaceae and Lactobacilli 389 

(Lunestad et al., 2007; Walburn et al., 2019). Feed ingredients, such as processed cell-derived 390 
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materials, may harbour residual and/or background microbiota and are increasingly used as 391 

alternative protein sources for feed production (Cottrell et al., 2020). It is therefore important 392 

to note that the bacterial loads measured in this study can comprise viable and/or non-viable 393 

cells, and that additional physiological analyses are necessary to verify this. Previous studies 394 

have shown these aspects to be affected by environmental parameters as well as on-site 395 

handling and usage (Lunestad et al., 2007; O’Keefe and Campabadal, 2015; Walburn et al., 396 

2019). Given the limited research effort towards dry feed microbiomes, further research should 397 

elucidate on the functionalities and in situ activity bacteria in dry.  398 

Our data indicated that microbiomes of dry and live feeds as well as exchange water are 399 

characterised by large variability, both within and between batches, and hence increased 400 

control of their microbiome may contribute to more predictable larviculture production.  401 

External sources contribute differently to the rearing water microbiome 402 

The rearing water receives frequent bacterial inputs through the addition of live and dry feeds 403 

and water exchanges, each of which can contribute to the rearing water microbiome. Several 404 

authors have hypothesised that the presence of specific taxa in the rearing water was caused 405 

by the addition of these inputs (Zheng et al., 2017; Walburn et al., 2019; Angthong et al., 2020). 406 

Nonetheless, the relative importance of each of these inputs for the rearing water community 407 

had not yet been quantified (Vadstein et al., 2018). 408 

Our source tracking analysis revealed that the microbiomes of all external sources (algae, 409 

Artemia, dry feeds and exchange water) contributed to the rearing water microbiome, and that 410 

± 10 % of the rearing water OTUs (i.e. 42 out of the 498) were introduced through these sources 411 

(Figure 5A). Together, these OTUs were responsible for 37 % of the rearing water community 412 

over the entire cultivation. The contribution of the different sources in terms of the number of 413 

introduced OTUs, residence time and relative abundances in the rearing water, greatly differed 414 
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between the sources, with the biggest contribution by the algae, followed by the Artemia, the 415 

exchange water and the dry feeds (Figure 5).  416 

The addition of Artemia and algae caused similar bacterial loads to the rearing water 417 

(Supplementary Figure 8). However, the number of OTUs that were introduced though the 418 

algae was higher as compared to those of the Artemia (i.e. 26 vs. 15) and the residence times 419 

and relative abundances that were obtained by the algae-associated OTUs were higher (Figure 420 

5). This can partly be explained by the fact that the rearing water conditions more frequently 421 

favoured the selection of bacteria from the algal cultures as compared to those of the Artemia 422 

(Figure 6B). Another explanation for the higher contribution of the algae may be that that the 423 

algae were added from the start of the cultivation, while the Artemia addition only started later 424 

(Figure 1). At the start-up, the rearing water was partly disinfected and the bacterial abundance 425 

was expected to be below the carrying capacity (De Schryver and Vadstein, 2014). Over the 426 

following days feed products and faecal excrements accumulated in the rearing water which 427 

caused a gradual eutrophication and bacterial growth (Payne et al., 2006), therefore the 428 

nutrient availability per cel may have been higher during the introduction of the algae-429 

associated bacteria as compared to those of the Artemia. Invasion research has shown that the 430 

availability of nutrients is one of the main factors affecting the susceptibility of communities to 431 

invasion (Eisenhauer et al., 2013; Mallon et al., 2015).  432 

Even though cells were detected in one of the dry feeds using flow cytometry, the dry feeds had 433 

the lowest overall contribution to the rearing water, which is in accordance with a study of 434 

Giatsis et al. (2015). This can be explained by a combination of selection against the feed 435 

community members (Figure 6B) and the lower bacterial load towards the rearing water as 436 

compared to the live feeds. In addition, the dry feed microbiomes may contain a large fraction 437 

of non-viable cells, as discussed previously. Despite the large volumetric contribution of the 438 

exchange water (i.e. 30 – 50 % of the tank volume), only 6 OTUs were introduced. This can be 439 
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explained by the low bacterial densities in these exchange waters (2 log10-units lower as 440 

compared to the live feeds). 441 

Interestingly, the algae were responsible for the introduction of several taxa that correlated 442 

with the algal abundances in the rearing water over the first half of the cultivation (i.e. 443 

Phaeodactylibacter sp., Marvita sp. and Owenweeksia sp.), and in that way contributed to the 444 

observed stabilising effect by the algae-associated bacterial community. On the other hand, the 445 

introduced OTUs also included taxonomic groups that are identified as biomarkers for bad 446 

shrimp performance (i.e. Vibrionaceae sp., originating from the Artemia). This illustrates that to 447 

maintain health-promoting microbiomes in the rearing water, proper management of the 448 

peripheral microbiomes is essential. 449 

Overall, these results illustrate that the peripheral microbiomes have an important 450 

contribution to the rearing water microbiome. Given this contribution, careful preparation and 451 

storage of these inputs will be paramount to maintain stable, healthy systems. The contribution 452 

of each source was dependent on its taxonomic composition, the bacterial load that originated 453 

from this source and on the timing of the introduction. Based on this study, the hygiene of the 454 

live feed microbiomes should be prioritised as compared to those of dry feeds and exchange 455 

water. However, bacterial fluxes can differ dependent on the setup (i.e. cultivation method, 456 

disinfection procedures, etc.) (Vadstein et al., 2018).  457 

Conclusions 458 

In this study, we quantified the importance of live and dry feed, and exchange water to the 459 

microbial community composition of rearing water in L. vannamei larviculture. Together these 460 

inputs were responsible for 37 % of all bacteria to which the larvae were exposed during the 461 

cultivation. The contribution of each source was dependent on its taxonomic composition, the 462 

bacterial load caused by the addition of this source and the timing of the introduction. We 463 
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showed that the temporal community assembly in the rearing water is mainly governed by 464 

stochasticity, which corroborates previously documented variable community composition 465 

and cultivation performance among replicate cultivations. Additionally, the dynamics of the 466 

algal population in the rearing water induced shifts in the bacterial community composition. 467 

Our findings provide fundamental knowledge on the sources and assembly processes of the 468 

aquaculture microbiome which may aid in the development of effective microbiome 469 

management to mitigate bacterial diseases and maintain a health-promoting rearing water 470 

environment.  471 
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Experimental procedures 472 

Rearing of the shrimp larvae 473 

The cultivation of L. vannamei larvae was performed in five replicate tanks over 18 days (life 474 

stages zoea N5 to PL10). The larvae were cultivated indoors, in aerated, 175 L tanks. The five 475 

experimental tanks were randomised between other tanks in the facility. Over the course of the 476 

cultivation, the larvae were fed every three hours with live and/or dry feed. A range of live and 477 

dry feed products were used (Figure 1). From day 5 till day 10, heat-killed (i.e. submerged in 478 

boiled water until they are no longer moving) Artemia were used as live feed. From day 5 on, 479 

live Artemia were used. From day 1 to day 10 the larvae were supplemented with Chaetoceros 480 

calcitrans algae, twice per day. In total, five dry feed products were used, which are labelled as 481 

feeds 1 to 5. There was no additional supplementation of antibiotics or commercial probiotics. 482 

Approximately every two days, the physicochemical water quality was assessed tanks 483 

(Supplementary Table 6). In order to maintain good water quality, a water exchange between 484 

30 and 50% of the tank volume was performed every other day from day 7 onwards. Larval 485 

health was assessed though daily visual inspection (Supplementary Figure 1). Two tanks 486 

reached 100% larval mortality during the cultivation (i.e. T4 at day 10 and T1 at day 13).  487 

Rearing of the live feeds 488 

Algae were cultivated on F2 medium in transparent, aerated bioreactors. Every day a single 489 

bioreactor was used to feed the larvae tanks twice (i.e. at 8 a.m. and 5 p.m). Afterwards, the tank 490 

was rinsed and cleaned using Sanocare PUR (INVE Aquaculture), according to the 491 

manufacturer’s instructions. and refilled to start a new culture. 492 

Every day a new batch of Artemia cysts was hatched according to the manufacturer’s 493 

instructions. After 20 hours the nauplii were transferred to a refrigerator and stored with 494 
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aeration at 4°C, to be used as a live feed for the shrimp larvae over the next 24 hours. Every 495 

batch was prepared in order to be used from 11 a.m. on the first day until 8 a.m. the following 496 

day. Afterwards, the tank was rinsed and cleaned using Sanocare PUR (INVE Aquaculture), 497 

according to the manufacturer’s instructions. 498 

Sampling 499 

Water samples of 1 mL were collected for flow cytometry below the surface of the larviculture 500 

tanks before and after every feeding event (i.e. resolution of 3 hours). Since the bacterial load 501 

that is added through the feeding is low as compared to the bacterial load that is already present 502 

in the tank (i.e. for the algae the daily introduced load is 0.07% of the average bacterial density 503 

in the rearing water, and 0.07%, 0.05% and 0.0008% for Artemia, dry feed and echange water, 504 

respectively), the direct effect of feeding is negligible and the measurement before and after 505 

each feeding event can be treated as replicates (i.e. average and median differences in bacterial 506 

load before and after feeding are 0.44% and -0.34%, respecively). The water of the Artemia 507 

storage tanks were sampled at every feeding event, using a sieve to ensure no Artemia were 508 

included in the sample. The algae bioreactors were sampled, when the algae were added to the 509 

cultivation tanks (i.e. twice per day). Samples from the exchange water were taken at every 510 

water exchange. All samples for flow cytometry were fixed with 5 µl glutaraldehyde (20%, 511 

vol/vol) per mL and stored at 4°C prior to transport. All samples were shipped to Belgium on 512 

dry ice for lab analysis. 513 

On day 1 the larvae were added to the water in the evening, and the 1 mL samples for 16S rRNA 514 

sequencing that are labelled as “day 1” were taken a few minutes later. For all subsequent days, 515 

the sample of the rearing tanks for sequencing was taken every morning, Artemia storage and 516 

algae bioreactors were sampled for sequencing at the same time. A sample from the exchange 517 

water was taken at every water exchange. All dry feeds were samples once. The sequencing 518 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 14, 2020. ; https://doi.org/10.1101/2020.08.14.251041doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.251041


25 
 

samples were stored at -20°C prior to transport. All samples were shipped to Belgium on dry 519 

ice for lab analysis.  520 

Flow cytometry 521 

Prior to FCM analysis, batches of samples were defrosted, acclimated to room temperature and 522 

diluted tenfold in sterile, 0.22 µm-filtered Instant Ocean® solution (35 g/L, Aquarium Systems, 523 

US). Samples were stained with 1 vol% SYBR® Green I (SG, 100x concentrate in 0.22 µm-filtered 524 

DMSO, Invitrogen) and incubated in the dark at 37°C for 20 min. They were analysed 525 

immediately after incubation on a BD Accuri C6 Plus cytometer (BD Biosciences, Erembodegem, 526 

Belgium) which was equipped with four fluorescence detectors (533/30 nm, 585/40 nm, > 670 527 

nm and 675/25 nm), two scatter detectors and a 20-mW 488-nm laser. Samples were analysed 528 

in fixed volume mode (30 µl). The flow cytometer was operated with Milli-Q water 529 

(MerckMillipore, Belgium) as sheath fluid and instrument performance was verified daily using 530 

CS&T RUO Beads (BD Biosciences, Erembodegem, Belgium). For the feed samples a modified 531 

protocol was used (see Supplementary Experimental Procedures). 532 

A subset of 553 samples was measured on-site, immediately after sampling and prior to 533 

fixation, on an Accuri C6 (BD Biosciences, Bangkok, Thailand), in order to verify the reliability 534 

of the fixation protocol. Pearson correlation between the bacterial and algal densities in 535 

samples that were measured fresh (on-site) and fixed (off-site) were 0.9 and 0.9, respectively 536 

(Supplementary Figure 11). 537 

Illumina sequencing 538 

The 1 mL aliquots for DNA extraction were defrosted and pelleted (25 min, 18,200 g, 4 °C). DNA 539 

was extracted immediately from the pellet using the ZymoBIOMICS DNA Microprep Kit (Zymo 540 

Research, USA). The genomic DNA extract (10 µL) was send out to BaseClear B.V. (Leiden, the 541 
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Netherlands) for library preparation and sequencing. When algal abundances are high, the 16S 542 

sequences originating from chloroplast DNA can make up large portions of the obtained 543 

sequences. Because of the presence of the algal populations in part of the samples, PCR clamps 544 

were used to block chloroplast amplification and direct the sequencing effort to the bacterial 545 

population (Lundberg et al., 2013). Amplicon sequencing of the V3–V4 hypervariable region of 546 

the 16S rRNA gene was performed on an Illumina MiSeq platform with v3 chemistry, and the 547 

primers 341F (5’-CCT ACG GGN GGC WGC AG -3’) and 785Rmod (5’-GAC TAC HVG GGT ATC TAA 548 

KCC-3’). Extra samples, including a dilution series of a mock community and a blank, were 549 

included as quality controls (see Supplementary Experimental Procedures). 550 

Data analysis 551 

Flow cytometry analysis 552 

The flow cytometry data were imported in R (v3.6.3) (R Core Team, 2017) using the flowCore 553 

package (v1.52.1) (Hahne et al., 2009). The data were transformed using the arcsine hyperbolic 554 

function, and the background was removed by manually creating a gate on the primary 555 

fluorescent channels. Bacterial and algal populations were separable based on their 556 

fluorescence patterns (Supplementary Figure 11). Hammes et al (2008) determined a 557 

quantification limit of 100 cells/mL. Since all samples were diluted 10 times, a quantification 558 

limit of 103 cells/mL was used. 559 

16S rRNA gene amplicon sequencing analysis 560 

Analysis of the amplicon data was performed with MOTHUR (v.1.42.3) (Schloss et al., 2009). 561 

Contigs were created by merging paired-end reads based on the Phred quality score heuristic 562 

and were aligned to the SILVA v123 database. Sequences that did not correspond to the V3–V4 563 

region as well as sequences that contained ambiguous bases or more than 12 homopolymers, 564 
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were removed. The aligned sequences were filtered and sequencing errors were removed using 565 

the pre.cluster command. UCHIME was used to removed chimeras (Edgar et al., 2011) and the 566 

sequences were clustered in OTUs with 97% similarity with the cluster.split command (average 567 

neighbour algorithm). OTUs were subsequently classified using the SILVA v123 database.  568 

The OTU table was further analysed in R (v3.6.3) (R Core Team, 2017). OTU abundances were 569 

rescaled by calculating their proportions and multiplying them by the minimum sample size 570 

present in the data set. Alpha- and beta-diversities were evaluated using the phyloseq 571 

(Mcmurdie and Holmes, 2013) (v1.30.0) and vegan (Oksanen et al., 2019) (v2.5-6) packages, 572 

respectively. Bray-Curtis dissimilarities were partitioned into turnover and abundance 573 

variation, using the betapart package (v1.5.1) (Baselga and Orme, 2012). Differences between 574 

groups in the beta diversity analysis were evaluated by means of permutational multivariate 575 

ANOVA (PERMANOVA, 999 permutations) of the Bray–Curtis dissimilarity matrix, after 576 

confirmation of the homogeneity of the variance in the groups. Core microbiome members were 577 

determined using the microbiome package (v1.8.0) (Lahti and Shetty, 2019). The prevalence-578 

threshold that was used for detecting core members was 0.75 (i.e. taxa that were detected in 579 

75% of the samples were considered members of the core). Absolute OTU abundances were 580 

calculated based on the bacterial densities as determined though flow cytometry. 581 

Source tracking 582 

For each day 𝑖, the absolute abundance of the OTUs in the rearing water of each tank was 583 

calculated based on the cell density in the tank on that day, the relative abundance of the OTU 584 

in the tank on that day and the tank volume. For each OTU, this absolute abundance is compared 585 

to that of the previous day 𝑖-1. If there is on average an increase from day 𝑖-1 to day 𝑖 over all 586 

tanks, and this increase is observed in at least half of the tanks,this OTU is retained. The 587 

criterion is based on minimally half of the tanks in order to allow some biological variability, 588 
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since microbiomes from replicate aquaculture cultivations are known to be highly variable. For 589 

every OTU that was retained, the abundance in the sources that were added to the tank over 590 

the course of day 𝑖-1 to day 𝑖 are verified. If the OTU was present in a specific source, the 591 

absolute abundance that was added is calculated based on the cell density in the source that 592 

day, the relative abundance of the OTU in the source that day and the added volume of the 593 

source If the absolute abundance that was added is greater than the absolute abundance that 594 

was already present in the tank on day 𝑖-1, this source is considered an important contributor 595 

of this OTU. Additionally, if the abundance on day 𝑖-1 was zero, this OTU was tagged as a newly 596 

introduced by that source. Since the sampling resolution of the rearing water was 1 sample per 597 

day for 16S rRNA gene sequencing, this approach provides a snapshot of the effect of each 598 

source within 24 hours after the addition of the source. It should be noted that it is possible that 599 

much more OTUs entered the rearing water microbiome through the addition of this source 600 

initially, but these already decreased in abundance within 24 hours, and hence, they are not 601 

detected. It should be noted that for the Artemia cultures the source tracking analysis was 602 

performed using the community composition profiles of the Artemia storage water and not the 603 

Artemia-associated microbiome.  604 

Prediction of community assembly processes 605 

The framework proposed by Stegen et al. (2013) was used to determine the dominant 606 

community assembly processes in the rearing water. This model relies on phylogenetic and 607 

compositional turnover rates to quantitatively estimate influences of drift, selection and 608 

dispersal on community assembly, and is explained in detail in the Supplementary 609 

Experimental Procedures.  610 

Data availability 611 
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The entire data-analysis pipeline is available as an R Markdown document at 612 

https://github.com/jeheyse/SourceTrackingDynamicsShrimp. Raw FCM data and metadata 613 

are available on FlowRepository under accession ID FR-FCM-Z2LM (on-site measurements) 614 

and ID FR-FCM-Z2LN (off-site measurements). Raw sequence data of the natural and mock 615 

communities are available from the NCBI Sequence Read Archive (SRA) under accession ID 616 

PRJNA637486.  617 
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Figure legends 831 

Figure 1 – Overview of the experimental setup. Five replicate Litopenaeus vannamei larviculture 832 

tanks and all sources that were expected to contribute to the rearing water microbiome, 833 

including five dry feeds, Artemia, algae and exchange water, were monitored over 18 days (life 834 

stages N5 to PL10). The upper part of the figure illustrates the timing of addition for each of the 835 

external sources to the rearing water. For the dry feeds different shades of brown were used 836 

for the different products. 837 

Figure 2 - Temporal dynamics of the rearing water bacterial densities (A) and community 838 

composition (B) of the five replicate tanks. The OTUs belonging to the 15 most abundant genera 839 

are coloured, all other genera were labelled with “Other”. The community composition for tank 840 

2 on day 6 is missing since this sample was not taken.  841 

Figure 3 – (A) PCoA ordination of the Bray-Curtis dissimilarities of the rearing water 842 

microbiomes. Dots are coloured according to the different tanks and the size corresponds to 843 

the number of days after the start of the cultivation. (B) Dynamics of the individual Bray-Curtis 844 

dissimilarities of each tank compared to the other tanks, per day (e.g. the line of T1 gives the 845 

average Bray-Curtis dissimilarities of T1 as compared to the 4 other tanks, per day). (C) Average 846 

Bray-Curtis dissimilarities between the 5 tanks, per day, and split according to turnover (i.e. 847 

differences in absence/presence of taxa) and abundance variation (i.e. differences in the 848 

relative abundances between the tanks). Turnover was responsible for 0.26 % of the 849 

dissimilarity on average, and is therefore not visible on the graph. 850 

Figure 4 – Temporal dynamics of the bacterial abundances in the algal cultures (A), exchange 851 

water (B) and Artemia storage tanks (C). The different background-colours correspond to the 852 

different batches, and the lines connect samples that originated from the same batch. Note that 853 

the scale from panel B differs from those of panel A an C.  854 
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Figure 5 – (A) Results of the source tracking analysis based absolute OTU abundances in the 855 

rearing water and in the sources. Every dot corresponds to an introduction though one of the 856 

pheriperal microbiomes. OTUs that are enriched though the source are indicated with a dot, 857 

OTUs that are newly introduced are indicated with a rhombus. The size of the symbol 858 

corresponds to the log2(fold change) in absolute OTU abundance that was caused on the day 859 

before the introduction as compared to the day after the introduction. In case of a newly 860 

introduced OTU, the fold change was calculated based on the absolute abundance of the OTU 861 

that had been introduced through the source as compared to the day after the introduction. (B) 862 

Relative abundance of the introduced OTUs in the source microbiomes from which they 863 

originated. An OTU that was introduced multiple times has multiple dots. (C) Number of days 864 

the OTU was present in the rearing water microbiomes after introduction. There is a separate 865 

dot for each tank, as the residence time of the OTU sometimes differed between the tanks. OTUs 866 

that were introduced multiple times have multiple residence times per tank. Dots may overlap. 867 

(D) Relative abundance that the OTUs reach in the rearing water after introduction. Every dot 868 

corresponds to the relative abundance of this OTU in one tank on one day. 869 

Figure 6 – Distribution of the dominant community assembly processes for the individual tanks 870 

(A) and from the sources to the rearing water (B), as predicted using the framework of Stegen 871 

et al. (2013). The blue processes represent the stochastic assembly mechanisms, the yellow 872 

processes represent selective mechanisms. Note that both figures have a separate color scale. 873 
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