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Coral reef mutualisms involve complex trophic ecological relationships that produce indirect effects. Excluding mutualistic cleaner fish Labroides dimidiatus from reefs indirectly increases the abundance of many fishes and reduces demersal stages of their ectoparasitic prey (gnathiid isopods). Whether cleaners affect populations of planktivorous fishes that consume demersal zooplankton, and consequently indirectly affect the rest of the demersal zooplankton community — via presumed changes in planktivory — is unknown. Therefore, using a long-term cleaner fish manipulation on patch reefs (July 2000 to December 2012, Great Barrier Reef), we tested whether cleaner treatment (removal or control) affects planktivorous fish abundance and diversity, and demersal zooplankton biomass, abundance, and diversity. Fish surveys, 9 and 12 years after removing cleaners revealed fewer fish on removal compared to control reefs for one of the three most abundant planktivores, but not total abundance (Pomacentridae, 26 species), diversity, and composition. Emerging zooplankton were sampled during the day and night over nine sampling trips across 12 years. There was no effect of cleaner treatment on post-removal values, compared with pre-removal values in July 2000, for zooplankton biomass, abundance, diversity, and composition (34 taxa). Zooplankton abundance showed no diel differences, but diversity, and occasionally biomass, were higher at night. Zooplankton composition also showed diel differences, with three taxa contributing the most to this dissimilarity [Cirripeda nauplii, Facetotecta (Arthopoda), Oikopleuridae (Chordata)]. Zooplankton diversity did not differ among times, abundance was higher in January 2002 relative to July 2000, and composition differed among all times. The lack of detectable indirect effects of cleaner fish presence on zooplankton (non-gnathiid) may partly be due to cleaners’ variable effect on planktivorous fish abundance, but also the result of invertebrate planktivory and other processes that affect zooplankton populations not investigated here. Nevertheless, the pronounced diel and temporal changes in zooplankton observed likely influence coral reef trophic interactions.
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Introduction

Zooplankton are the intermediate trophic level between phytoplankton and higher trophic levels, and they are a food source for a plethora of invertebrate and vertebrate animals (Lewis, 1992; Anthony and Blumstein, 2000). Revealing the linkages between successive trophic levels and the processes involved is essential to understanding the resilience of such food webs. Many fishes, from small fish larvae to large whale sharks and manta rays rely heavily on zooplankton (Hobson, 1975; Hobson and Chess, 1978; Hobson, 1991; Randall et al., 1997; Marnane and Bellwood, 2002; Mann and Sancho, 2007; Couturier et al., 2013; Rohner et al., 2013; Bellwood et al., 2019). Fish predation on zooplankton can reduce zooplankton biomass and prey selectivity can change zooplankton community diversity (O'Brien, 1979; Cury et al., 2000; Maszczyk and Gliwicz, 2014). Mortality in zooplankton corresponds with the known spatial distribution of planktivorous fishes (Acosta and Butler, 1999; Motro et al., 2005). On coral reefs, planktivorous fish can deplete most of the incoming holoplankton (i.e., species that are always floating in the water column) and demersal zooplankton (i.e. species located in or near the substrate that migrate into the water column to feed at different times of the day, usually at night, Ohlhorst, 1982; Hamner et al., 1988; Motro et al., 2005). Therefore, factors that affect the abundance of planktivorous fishes could also indirectly influence the zooplankton community.

The presence of the mutualistic Indo-Pacific cleaner fish Labroides dimidiatus on coral reefs positively affects the abundance of many client fishes, which includes planktivores that consume zooplankton (Bshary, 2003; Grutter et al., 2003; Adam, 2011; Waldie et al., 2011; Adam, 2012; Grutter, 2012; Sun et al., 2015; Wagner et al., 2015; Grutter et al., 2020a). Labroides dimidiatus removes and then consumes ectoparasites, mostly the parasitic stage of blood-sucking gnathiid isopods, but also other isopods, platyhelminths, and copepods infecting cooperating fishes known as clients (Grutter, 1997a). Cleaner fish provide important services such as directly reducing gnathiid parasites (Grutter, 1999) and stress levels, via tactile stimulation (Soares et al., 2011), in individual fish. While cleaner fish are not abundant (Waldie et al., 2011), their effects on fish communities are disproportionately large. On reefs where cleaner fish were experimentally removed for 8.5 y, resident (i.e., site-attached) client fishes, which included planktivorous damselfishes, were negatively affected in many ways: the total abundance of adults and juveniles was reduced; the size frequency distributions of two planktivorous species (Pomacentrus amboinensis, P. moluccensis) were shifted towards smaller individuals; and larger P. moluccensis individuals had reduced growth rates and higher parasite loads (Clague et al., 2011; Waldie et al., 2011; Sun et al., 2015). Cleaners’ effect on planktivorous fishes could result in cascading effects on the food source of these fishes, including demersal zooplankton. A better understanding of the broader community-wide effects of L. dimidiatus is timely. Recently, cleaners experienced a natural reduction in abundance (80%) due to sequential cyclone (2014, 2015) and El Niño (warming) (2016) events at Lizard Island, Great Barrier Reef (GBR) with negative consequences observed in the remaining cleaners’ cleaning interactions (Triki et al., 2018). Furthermore, negative effects of predicted future ocean warming and acidification conditions on cleaners’ neurological and behavior responses have been demonstrated, and L. dimidiatus are also a primary target of the aquarium industry (Rhyne et al., 2017; Paula et al., 2019). To date, cleaners’ indirect effect on the reef community has focused only on the free-living stages of gnathiid isopod parasites that cleaners feed on and farming and grazing fishes’ effect on the benthos they feed upon (Grutter et al., 2019; Sikkel et al., 2019; Grutter et al., 2020a).

Gnathiid isopods are a common component of the demersal zooplankton community, as they live in the benthos when not feeding briefly on fish blood (Jacoby and Greenwood, 1988; Chambers and Sikkel, 2002; Sikkel and Welicky, 2019; Grutter et al., 2020b). The common demersal fish ectoparasites emerge from the benthos to briefly feed only once during each of their three juvenile stages. Individual cleaner fish at Lizard Island consume an average 1200 gnathiids daily (Grutter, 1996b) and this results in a daily reduction of gnathiids on fish (Grutter, 1999). This has been used to calculate an estimated daily gnathiid predation rate per reef based on the cleaners’ abundance per reef (Grutter, 2008). When this high rate was compared with the relatively lower estimated daily emergence rate of gnathiids per reef, the abundance of emerging gnathiids per patch reef was less (66%) than the estimated number of gnathiids that all adult L. dimidiatus per reef ate daily (Grutter, 2008). This suggested that gnathiids may be a limited resource for L. dimidiatus on patch reefs and that cleaners could negatively impact the local demersal gnathiid population. When this was experimentally tested, cleaner treatment (control undisturbed reef vs cleaner-free or removal reef) was repeatedly shown to indirectly reduce the abundance of the demersal stages of gnathiids, both when sampled with emergence traps and with sentinel (i.e., baited with live fish) traps (Grutter et al., 2018; Grutter et al., 2019; Sikkel et al., 2019). Thus, there is robust evidence that variation in the abundance of a fish species (i.e., L. dimidiatus) can indirectly affect at least one of the taxa of the demersal zooplankton community (i.e. gnathiid isopods). This raises the question of whether other fishes (i.e., planktivores), species often many more times abundant than the relatively rare L. dimidiatus (one to four adults per patch reef measuring 61 to 285 m2, Supplementary Table 1), can also affect the rest of the community of demersal zooplankton.

There are many species of planktivorous fishes on the experimental reefs used above, including those in the ray-finned families Apogonidae, Blenniidae, Gobiidae, Pseudochromidae, Sygnathidae, and Pomacentridae; the latter being the most abundant, diurnal, site-attached, highly visible, and speciose family (Waldie et al., 2011). The distribution of planktivorous Pomacentridae fish is affected by habitat preferences at settlement and post-settlement ecological processes such as conspecifics, predation, and shelter availability (Emslie et al., 2019), but the effect of cleaners on this group as a whole is unknown. Predation rate by planktivorous fishes can decrease as fish abundances decrease (O'Brien, 1979; Acosta and Butler, 1999; Motro et al., 2005; Johannsson and Bowen, 2012). Hence, we assumed the predation rate on zooplankton would be influenced by the abundance of planktivorous fishes. We hypothesized that the (non-gnathiid isopod) demersal zooplankton community will be indirectly affected by the presence of cleaner fish, via cleaners’ positive effect on the abundance of planktivorous (Pomacentridae) fishes. Nevertheless, on coral reefs, the abundance, composition, and biomass of demersal zooplankton communities remains relatively little studied (but see, Alldredge and King, 1977; Porter and Porter, 1977; McWilliam et al., 1981; Jacoby and Greenwood, 1988; Amer, 2019).

Specifically, the hypotheses tested were that the removal of cleaner fish indirectly affects the 1) abundance, diversity, and composition of planktivorous fishes, and 2) biomass and abundance, diversity, and composition of demersal zooplankton. This study differs from previous studies on the effects of cleaners on other organisms by focusing specifically on the indirect links between the presence of cleaner fish, the abundance of planktivorous fishes, and the (non-ectoparasite) demersal zooplankton community. We counted the number of planktivorous fish per reef in 2009 and 2012, with a focus on the Pomacentridae. We predicted cleaners’ presence effect on zooplankton will vary on two time-scales: a) between the day and night, as both L. dimidiatus and most planktivores are diurnally active fishes (Hobson, 1991; Grutter, 1996b; Waldie et al., 2011; Leray et al., 2019) and because other studies found that cleaners affect other demersal zooplankton (Gnathiidae, Corallanidae ectoparasitic isopods) during the day only (Grutter, 1999; Grutter and Lester, 2002; Grutter et al., 2018) and b) temporally (months, years), as cleaners affect fishes differently over this time scale (Grutter, 1996a; Grutter, 1997b; Clague et al., 2011; Waldie et al., 2011; Sun et al., 2015). Demersal zooplankton were collected with emergence traps, in the day and the night separately, and over nine trips over 12 y. We used the incidental zooplankton by-catch of the samples used to quantify the effect of cleaner presence on gnathiids in Grutter et al. (2019). Samples were collected from the longest cleaner fish manipulation experiment (12 y long when sampled here), located on Lizard Island. During this time, removal reefs were checked approximately every 3 months during 49 sampling trips, and any new adults or recently-recruited cleaner fish juveniles removed. The removal of cleaners was highly effective, with 90% of all removal-reef inspections revealing they were free of adult cleaners (see Supplementary Methods and Supplementary Table 1).



Materials and Methods


Cleaner Fish Labroides dimidiatus Presence Manipulations

This study was conducted from July 2000 to December 2012 on isolated patch reefs in open sand at Casuarina Beach (CB, 5 reefs, 111 – 227 m2) and the lagoon (Lagoon, 12 reefs, 61 to 285 m2) off Lizard Island, GBR (14°400’S, 145°280’E; for map, see Figure 2 in Grutter et al. (2019). These experimental reefs are part of an ongoing (as of 2022) long-term cleaner fish (L. dimidiatus) exclusion study (Grutter et al., 2003; Clague et al., 2011; Waldie et al., 2011; Grutter, 2012; Sun et al., 2015; Binning et al., 2018; Grutter et al., 2018; Grutter et al., 2019; Sikkel et al., 2019; Grutter et al., 2020a; Ros et al., 2020; Paula et al., 2021). Cleaner fish were removed in September 2000, with July 2000 representing a baseline period before the impact of removal. Labroides dimidiatus was either removed (1 to 4 adults reef-1) from reefs (removals, CB: n = 2, Lagoon: n = 6), or similarly disturbed but only counted on reefs (controls, CB: n = 3, Lagoon: n = 6) approximately every three months. For cleaner removal details, see Supplementary methods; for date and number of adults and juveniles removed per reef, see Supplementary Table 1.



Planktivorous Fish Surveys

Fish counts of residents were conducted following Waldie et al. (2011). Fishes were classified as ‘residents’ or ‘visitors’ following lists adapted from Grutter et al. (2003). Residents are smaller and site-attached species (in contrast to so-called visitors, larger species assumed to move regularly among reefs during a day, or over a longer period). Briefly, residents were counted once per reef by a scuba diver (60-120 min, 0930–1430 hrs). Counts during each year were done by different divers, hence differences between years should be interpreted with caution. Surveys alternated between randomly selected control and removal reefs. The diver methodically circled the reef counting one, or several less abundant species, in the same order, during each circle of the reef. All sizes of fish (~≥ 1 cm total length, TL) were counted on 15–21 April 2009 and are sourced from Waldie et al. (2011). Counts in 18 to 22 December 2012 consisted of individuals > 2 cm TL. All the remaining smaller (Pomacentridae) individuals were counted around this time for a separate study on recently recruited juveniles (Sun et al., 2015); the mean abundance of recruits, belonging to 20 planktivorous species, was 229 SE 41, range 25 – 604 reef-1 (unpublished data, Grutter A.S.). Planktivorous nocturnal and mobile (Apogonidae) and cryptic species (Blenniidae, Gobiidae, Pseudochromidae, and Sygnathidae) were not considered. Due to the preponderance of Pomacentridae species categorized as planktivores, identified following (Emslie et al., 2019), we consequently excluded two non-pomacentrid species (present on 1 to 2 reefs per year: Aeoliscus strigatus, Centriscidae; Ptereleotris evides, Ptereleotridae). For final list of 26 species analysed, see Supplementary Figure 1.



Demersal Zooplankton Sample Collection

Zooplankton samples were collected as part of the study conducted by Grutter et al. (2019) on gnathiid isopod parasites that used the above long-term cleaner fish manipulation experiment. The original focus of the samples was to quantify gnathiids, when emerging from the reef substrate in search of host fish to feed on. Gnathiids were captured using 1 m2 (100 µm mesh) emergence traps (for dimensions see Supplementary methods; for illustration, see supplementary figure 1 in Grutter et al., 2019) between July 2000 and December 2012 from the Casuarina Beach and Lagoon sites. Then, gnathiids were removed from the samples. The sampling method also incidentally captured other demersal zooplankton. In the current study, the effect of cleaner fish (L. dimidiatus) on the biomass and abundance of all remaining non-gnathiid demersal zooplankton emerging from the reef substrate was investigated using the same samples as above, but only from the Lagoon. Between July 2000 and December 2012; samples were collected during nine trips (for dates see Figure 2 legend, Supplementary Table 2). Sampling was intermittent due to logistical constraints. In 2000, sampling was conducted three times; between 2001 and 2003, sampling was done approximately every six months; the subsequent and final sampling was in 2012, 10 y after the previous one.

Sampling was usually conducted over three days, either before (i.e. day 1, 2, 3), or after the full moon (day 4,5,6; but see Supplementary Table 2), as lunar cycles have an effect on emergence rate of gnathiid isopods (Grutter et al., 2000) and other demersal zooplankton (Alldredge and King, 1980). Whether sampling was before or after the full moon was because sampling involved two sites (the CB site was not used here) and this order was randomized. Depending on the size of the reef, each reef had two or three emergence traps (maximum 30 traps in total). Sampling was conducted for both day and night in the same location of the reef.

Traps were placed on the seabed in a manner so as not to damage live coral and where they would remain relatively stable, i.e. not on the edge of a precipice. Every 24 h, traps were moved to a new location on the same reef. During sample collections, 1 L bottles attached to emergence traps were collected either by a snorkeler or scuba diver. A lid was immediately used to close the bottle to reduce loss of zooplankton in the bottle. On the same day, samples were filtered through a 62 µm-mesh filter into a vial followed by the addition of formalin and seawater to create a 10% (v/v) solution (for more details, see Supplementary methods).



Demersal Zooplankton Sample Selection for Biomass and Abundance Analyses

For biomass only data, from each reef, one trap was selected randomly out of the two or three placed on the reef per day and night for each of the three days sampled in all nine trips. 551 initial samples were used; of these, nine samples with large amounts of sand were omitted, resulting in a final 542 samples being statistically analyzed. For total traps sampled for biomass, abundance and diversity per day or night by trips, see Supplementary Table 2.

To estimate total abundance, taxa diversity and community composition (taxonomy and abundance per zooplankton type, i.e. taxonomic category) of zooplankton, additional samples were selected. A total of 34 categories of demersal zooplankton were identified (Supplementary Table 3). Because quantifying the community is time consuming, only four trips were analyzed. Trips selected were the first (July 2000) and last (December 2012) ones, and two more representing the same earlier seasons selected (January 2002, July 2002), resulting in two Austral summer and two winter trips. Samples were selected from the last day of the three days sampled, for both day and night, usually one sample per reef for the day and night (n = 3 samples was missing, hence n = 85). To compare abundance with biomass (a destructive procedure) from the same sample, the subsample was divided into two equal parts using a Folsom splitter (McEwen et al., 1954); one subsample was used for biomass and the other for counts; each was multiplied by two to estimate the total sample. The count subsamples were preserved in 10% formalin until counted.

The zooplankton sample was placed onto filter paper (Whatman™ Glass Microfiber Filters, GE Healthcare Life Sciences, Diameter 47 mm, CAT No. 1822-047) and thoroughly rinsed to remove any salt or formalin contamination. Excess moisture was removed using a vacuum filtration apparatus (Millipore, Nalgene®, USA). Prior to their use, labelled filters had been dried in an oven (Thermoline Scientific, TO-152F, Australia) at 60°C for 10 min and pre-weighed to the nearest 0.0001 g (Mettler Toledo, XS204, USA). The filter paper and zooplankton sample were dried in an oven for 60 min and reweighed; a pilot study showed that after this time, the zooplankton sample weight change was negligible (< 0.1% per 10 min increase in duration). Weights were always measured immediately after removing the sample from the oven. Sample biomass was obtained by subtracting the initial pre-weighed filter paper weight from the filter paper plus dried zooplankton weight.

Samples were counted and taxa identified to the narrowest possible taxonomic category, which ranged from phylum to genus, using a stereo microscope (Leica M165 C, 7.3 – 120X) and taxonomic guides [e.g., Swadling et al., 2013)]. Samples were initially filtered through a 100-µm mesh, to remove the formalin from the sample. Collected organisms were placed into a measuring cylinder and diluted with distilled water to make a final volume of 100 mL. A 1 mL volume was obtained using a purpose-built Stempel pipette and placed into a Bogorov sorting tray. A pilot study revealed that approximately 100 organisms were sufficient to sample most of the different taxa per subsample, and often a minimum of 1 mL was sufficient. The volume of the subsample was increased if the number of organisms in the 1 mL subsample did not reach 100 (Eriksen et al., 2019). For example, if 70 organisms were counted in a 1 mL subsample, then another 1 mL subsample would be counted. The median final volume sampled was 5 mL (2, 15, 1 – 100 mL; 25th, 75th quantiles, range). The abundance per original sample was then calculated based on the dilution and number of subsamples.



Statistical Analyses


Planktivorous Fish Surveys

For fish, we tested total abundance, and abundance of the three most abundant and ubiquitous species (Pomacentrus amboinensis, P. moluccensis (both always present on all reefs), P. nagasakiensis (present on 12 reefs in 2009, and all reefs in 2012), Supplementary Figure 1). Combined, the sum of these three species contributed 47 and 66% of the total abundance of planktivorous Pomacentridae in 2009 and 2012, respectively. We also tested fish species richness index and the Shannon diversity index. For fish abundance measures and diversity indices, the same models with cleaner presence (cleaner treatment: present or absent), site (Casuarina Beach, Lagoon), year (2009 and 2012), all their interactions, and reef area as fixed effects and reef identity as a random effect were tested (Model 1, note all models are abbreviated following R software code format). We used reef area as a fixed continuous effect in the model because it provides information on whether or not it contributes to the patterns observed. All raw data is plotted according to reef area to visualize its role in explaining the patterns observed and how they vary according to the other fixed effects (Figure 1, Supplementary Figure 2).




Figure 1 | Abundance of planktivorous Pomacentridae fish (reef-1) according to cleaner fish Labroides dimidiatus presence treatment (Control = yes cleaner fish present, Removal = no cleaners present), Casuarina Beach (small symbols) or Lagoon site (large symbols), reef area, and sampling year for (A) total abundance and (B) Pomacentrus amboinesis.



(Model 1) Fish abundance (or species richness, Shannon species diversity index) ~ Cleaner treatment * Site * Year + Reef Area + (1|Reef identity)

Generalised linear-mixed effects models were used for fish abundances and richness with Poisson or negative binomial distributions tested, as data were counts (Zuur et al., 2009; Brooks et al., 2017). The final distribution was selected by model comparisons using the Aikaike information criterion. Due to the four multiple tests involving fish abundance, the Šidák correction was applied (α = 0.012741) (Abdi, 2007). For species richness, a poisson distribution was assumed, as the variance mean to ratio was close to 1 (0.78), and a negative binomial model did not converge (Zuur et al., 2009). Models with a negative binomial distribution were tested using a linear or quadratic parameterization (Hardin and Hilbe, 2007), with the former selected for all fish abundance models, except for total abundance.

To examine the composition of planktivorous fish using the abundance of fish per species, a Permutational Multivariate Analysis of Variance (PERMANOVA) was used with square-root transformed abundances to downplay the contribution of highly abundant species, and the Bray-Curtis dissimilarity index for the distance measure. Of the 26 fish species, only the 17 species present on > 3 reefs were analyzed. Initially, full three-way models with cleaner treatment, site, and year as fixed effects, with reef identity as a random effect were analyzed, but for the interaction between cleaner treatment and year they returned a negative Pseudo-F value which is not a sensible value (Searle et al., 1992). Therefore, three two-way models with no random effect were constructed, which were successfully modelled. We tested for the effect of site on cleaner treatment within each year in separate analyses (Models 2, 3). We also pooled sites and tested whether there was an interaction between cleaner treatment and year (Model 4). Sums of Squares type used was Type III (partial, for unbalanced designs), with the permutation of residuals under a reduced model, and a maximum number of permutations of 9999, following the recommendations of Anderson et al. (2008). A principal coordinates analysis (PCO) ordination plot was used to visually represent samples in at least two dimensions and aid interpretation of the dissimilarities in the diversity.

(Model 2) Fish abundance per species in 2009 ~ Cleaner treatment * Site

(Model 3) Fish abundance per species in 2012 ~ Cleaner treatment * Site

(Model 4) Fish abundance per species ~ Cleaner treatment * Year



Demersal Zooplankton Biomass

For dried biomass, a linear mixed-effects model (normal distribution) was used to test if biomass was significantly influenced by cleaner presence treatment, sampling trip (month-year, represented by trips numbered 1, 3, 4, 5, 6, 7, 8, 9, 12), and time of day (day or night) as fixed factors (Model 5). We were interested in testing the interaction between cleaner treatment and trip, and how it changed over time. Note that cleaners were removed after Trip 1 (July 2000), during September 2000, and before the following Trip 3 (Trip 2 does not exist). Therefore, Trip 1 was used as the baseline for comparisons. Time of day was included as a predictor because previous studies have shown diel differences in biomass of emergent zooplankton (Ohlhorst, 1982). In addition, the effect of cleaner fish presence (present or removed) has been found to affect several ectoparasitic isopod groups (Gnathiidae, Corallanidae) during the day only, when cleaners are active (Grutter, 1999; Grutter and Lester, 2002; Grutter et al., 2018). Therefore, all interactions of these main effects were included in the model, including the three-way, as a significant three-way could indicate an effect of cleaner during the day only. This three-way interaction for biomass, and 3-ways for the other variables below, were not significant (Tables 2–5) and so are not discussed further. Reef and date were added as random effects predictors because there may be possible spatial and diurnal variation (within a trip), but they were not the focus of this study. Raw plots (separately for day and night) indicated little variation among sampling days and so it was not considered further. Biomass was log10 transformed, as visual inspection of residual and quantile-quantile plots showed that the transformation improved the normality and the homogeneity of variance assumptions. Tests of fixed effects were assessed using analysis of variance (function “anova”) with a conditional F-test and a Kenward-Roger degrees of freedom correction using the R package “pbkrtest” (Halekoh and Højsgaard, 2014).

(Model 5) Log10Biomass ~ Cleaner treatment * Sampling trip * Time of day + (1|Reef identity) + (1|Date)

For zooplankton abundance (normal distribution) and Shannon diversity index (normal distribution), separate linear models as ones for biomass were constructed, except that “Date” was not included since samples were selected from one day only per trip (Model 6). Abundance was log10 transformed, for the same reason as biomass was. A generalised linear model was used for zooplankton taxa richness and a model selected (poisson distribution) as for fish richness. Two outliers were excluded to satisfy the statistical assumptions of the univariate analyses. The two outliers (Trip 1, Day: 225600; Trip 12, Night: 327600) consisted largely of non-Cirripeda nauplii (90%) and gastropod veligers (95%), respectively.

(Model 6) Zooplankton Log10Abundance, richness, or Shannon diversity index ~ Cleaner treatment * Sampling trip * Time of day + (1|Reef identity)

To examine whether the relationship between log10biomass was related to log10abundance, we conducted a linear regression (normal distribution) with log10biomass as the response, with log10abundance as a continuous fixed predictor and cleaner treatment, sampling trip, and time of day as fixed factors, with all interactions included. Reef identity was initially included as a random effects predictor, but it produced a singular fit (i.e., was overfitted), and so was omitted (Model 7). We checked Cook’s distance to ensure there were no highly influential samples.

(Model 7) Log10Biomass ~ Cleaner treatment * Sampling trip * Time of day * Log10Abundance

A PERMANOVA was used to examine the composition of zooplankton, with all 34 taxonomic categories, using the same measures and criteria as for fish counts. A model with cleaner treatment, sampling trip, and time of day as fixed effects was analyzed. We had insufficient replication at the lowest level to include Reef identity as a random effect (Model 8). A PCO of the distances among group centroids was used to detect the underlying patterns for the effect of sampling trip.

(Model 8) Cleaner treatment * Sampling trip * Time of day

Univariate analyses were performed using the software R (4.0.2) (R Core Team, 2020). Multivariate analyses were performed using PERMANOVA+ for PRIMER 7 (Anderson et al., 2008). Species richness was defined as the number of species or taxa reef-1. The Shannon diversity index reef-1 was calculated using the R package “vegan” (Oksanen et al., 2019). Generalised linear-mixed effects models were performed using the R package “glmmTMB” (Brooks et al., 2017). Linear mixed-effects models were used for Shannon diversity indices, zooplankton biomass, and zooplankton abundance using the R package “lme4” (Bates et al., 2015). Analysis of variance tables were calculated using the R package “car” (Fox and Weisberg, 2019). Residual diagnostics was performed using the R package “DHARMa” (Hartig, 2021). Effect plots were used to represent the results, using the R package “Effects” (Fox and Weisberg, 2019) and “lattice” (Sarkar, 2008).





Results


Planktivorous Fish Surveys


Abundance

Total abundance of planktivorous fish differed according to an interaction between cleaner treatment and year, but this was no longer significant when the Šidák correction for multiple tests was applied (P = 0.0491 Šidák α = 0.0127), Table 1, Supplementary Table 4A). This interaction showed a tendency of more fish on reefs with, compared to without cleaners, at both sites in 2009 (Figure 1A, Supplementary Figure 2A). Pomacentrus amboinensis abundance was higher on reefs with, compared to without cleaners, at both sites and during both years (P = 0.0012 Šidák α = 0.0127, Table 1, Supplementary Table 4B, Figure 1B). Pomacentrus moluccensis abundance (P = 0.2779Šidák α = 0.0127, Table 1, Supplementary Table 4C, Supplementary Figure 2B) and P. nagasakiensis abundance (P = 0.2905Šidák α = 0.0127, Table 1, Supplementary Table 4D, Supplementary Figure 2C) were not affected by cleaners.


Table 1 | Summary of results for fish abundance, diversity, and community composition in relation to the effect of cleaner fish Labroides dimidiatus treatment (presence or absence) reef-1 and or their interactions with other factors (Supplementary Tables 4, 5).





Diversity

Fish species richness (P = 0.3100, Supplementary Table 4E, Supplementary Figure 2D) and the Shannon diversity index (P = 0.5859, Supplementary Table 4F, Supplementary Figure 2E) were not affected by cleaner treatment (Table 1).



Composition

Twenty-six Pomacentridae species were identified, 17 in 2009 (n = 9872 individuals) and 24 in 2012 (n = 8058 individuals). The most abundant planktivorous species across all samples was Pomacentrus moluccensis (171, 107/296), followed P. amboinensis (56, 44/77), Neopomacentrus azysron (34, 10/132), Acanthochromis polyacanthus (14, 0/40), and P. nagasakiensis (14, 5/49, median, 25th/75th quantile reef-1, Supplementary Figure 1). The composition of planktivores did not differ with cleaner treatment when analysed separately by year and including the effect of site (PERMANOVA, 2009: P = 0.6247; 2012: P= 0.9981, (Table 1, Supplementary Figure 3, Supplementary Tables 5A, B) nor when pooled across sites and including the effect of year [PERMANOVA, (Table 1) P = 0.9929; Supplementary Table 5C]. The composition differed between sites in both years and between years (2009: P = 0.0026; 2012: P = 0.0003, year: P =0.0023; Supplementary Table 5).




Demersal Zooplankton


Biomass

Zooplankton biomass per trap (1 m2) ranged from 0.0008 to 0.1733 g with a median 0.0074 g (0.0045/0.0138, 25th/75th quantile) (Supplementary Figure 4A). Biomass (log10 g m-2) did not differ with cleaner treatment and sampling trip (Treatment × Trip: P = 0.2433, Table 2). This indicates that zooplankton biomass did not change according to cleaner treatment over time, compared with pre-removal values in Trip 1 (July 2000, Figure 2). There was a difference in biomass between time of day (day or night) and sampling trip (Daynight × Trip: P < 0.0001, Table 2, Supplementary Figure 4B). This difference was due to higher biomass at night compared with the day for Trips 5, 7, 8, and 9 compared with values in the first trip (all P values of Daynight × Trip, relative Trip 1: ≤ 0.0185, Supplementary Table S6).


Table 2 | Linear mixed effects model for zooplankton biomass.






Figure 2 | Effect plot for mean zooplankton biomass per emergence trap (1 m-2) for cleaner fish Labroides dimidiatus presence treatment [Control = yes cleaner fish present (solid line)], Removal = no cleaners present [dashed line] and sampling trip (1 = July 2000, 3 = September 2000, 4 = November 2000, 5 = January 2001*, 6 = August 2001, 7 = January 2002*, 8 = June 2002*, 9 = January 2003*, 12 = December 2012). *P < 0.05 for time of day and trip interaction, relative to trip 1.



The association (slope) between biomass (log10 g m-2) and total abundance (log10 m-2) varied according to the time of day and trip (Daynight × Trip × Total abundance: P = 0.0114, Supplementary Table 7A, Supplementary Figure 5). This was a result of a weak difference in association between the day and night on Trip 7, relative to Trip 1 (P = 0.0494, Supplementary Table 7B). This was due to positive biomass and abundance associations during the day and night on Trip 1 (Pearson’s correlation, Day: r = 0.969, N = 7, P = 0.0003; Night: r = 0.893, N = 10, P = 0.0005) and the day only on Trip 7 (Pearson’s correlation, Day: r = 0.759, N = 12, P = 0.0042; Supplementary Figure 5).



Abundance

Total zooplankton abundance per trap (1 m-2) analyzed ranged from 428 to 97600 individuals with a median 9760 (3227/2200, 25th/75th quantile) (Supplementary Figure 6A). Total abundance (log10 m-2) did not differ with cleaner treatment and sampling trip (Treatment × Trip: P = 0.5001; Table 3; Figure 3A) and time of day [P = 0.9784; predicted back-transformed values for Day: 9050 (5376–15238), Night: 8212 (4885–13802), mean effect values (95% CI interval), Supplementary Figure 6B]. This suggest that the presence of cleaner fish did not influence zooplankton abundance. Abundance differed among trips (P < 0.0001), due to 4.8 times more zooplankton in Trip 7 [30571 (17610–53070)] compared with Trip 1 [6310 (3491–11406); Trip 8: 4816 (2788–8316); Trip 12: 4921 (2752–8800); predicted back-transformed values, mean effect values (95% CI interval), Supplementary Table 8, Supplementary Figure 6C].


Table 3 | Linear mixed effects model for zooplankton abundance.






Figure 3 | Effect plot for mean zooplankton (A) log10 abundance, (B) richness, and (C) Shannon diversity index per emergence trap (1 m-2) for cleaner fish Labroides dimidiatus presence treatment (Control = yes cleaner fish present [solid line]), Removal = no cleaners present [dashed line] by sampling trip (1 = July 2000, 7 = January 2002*, 8 = June 20002, 12 = December 2012). *P < 0.05 for trip, relative to trip 1. Two outliers were omitted (see Materials and Methods).





Diversity

Thirty-four taxonomic categories of zooplankton were identified from six phyla (Annelida, Arthropoda, Chordata, Cnidaria, Mollusca, Platyhelminthes; Supplementary Table 3). The richness (Treatment × Trip: P = 0.6536; Table 4, Figure 3B, Supplementary Table 9; Supplementary Figure 7A) and Shannon diversity index of zooplankton (Treatment × Trip: P = 0.8996; Table 5, Supplementary Table 10; Figure 3C, Supplementary Figure 7B) did not differ with cleaner treatment and sampling trip. This suggests that the presence of cleaner fish did not influence zooplankton diversity. Diversity was significantly higher (12%) during the night compared with the day (P = 0.0355; Table 5, Supplementary Table 10, Supplementary Figure 7C; Shannon index: Day: 1.308, 0.160; Night: 1.483, 0.159; mean, 95% CI).


Table 4 | Generalised linear mixed effects model for zooplankton taxa richness index.




Table 5 | Linear mixed effects model for zooplankton Shannon diversity index.





Composition

The most abundant zooplankton types were nauplii (unidentified), barnacle nauplii, and some copepods (Oithoidae and Harpactacoida complex), with median abundances per trip for the day and night often reaching several thousand per sample (Supplementary Figure 8). The composition of zooplankton did not differ with cleaner treatment and sampling trip (Treatment × Trip, PERMANOVA, P = 0.5326; Table 6). This indicates that composition did not change according to cleaner treatment over time compared with pre-removal values in Trip 1 (July 2000, see PCO analysis in Figure 4A). There was a difference in composition between time of day (PERMANOVA, P = 0.0012, Table 6) and among sampling trips (PERMANOVA: P = 0.0001, Table 6, Figure 4B). A pairwise analysis comparing all trip pairs indicated that this was due to differences in the composition among all trips, including relative to Trip 1 (comparisons relative to Trip 1: Trip 7, P = 0.0001; Trip 8, P = 0.0184; Trip 12, P = 0.0004; Supplementary Table 11).


Table 6 | Results of permutational multivariate analysis of variance for zooplankton composition.






Figure 4 | Principal coordinates analysis (PCO) ordination plot of zooplankton abundance composition per emergence trap (1 m-2) showing vectors for the three taxa that contributed the most to the dissimilarity (taxa with Pearson’s correlations > 0.5), labelled by the factors (A) cleaner fish Labroides dimidiatus presence treatment (Control = yes cleaner fish present, Removal = no cleaners present) per trip and (B) time of day (day and night) and with (C) segmented balloons representing the relative abundance of above three taxa. Key shows range in abundance per taxa. Data were square root transformed and a Bray-Curtis similarity was calculated for the PCO.



Although the PCO analysis, used to interpret the significant factors, found that the total variation inherent in the resemblance matrix that was explained by the first two PCO axes was modest (44.5%, Figure 4), it showed relatively clear separation of samples among the four trips (Figure 4A), but the separation between day and night was not as strong (Figure 4B). Three taxa contributed the most to the dissimilarity (taxa with Pearson’s correlations > 0.5). The dissimilarity between the day and night was associated with more barnacle (Cirripeda, Arthopoda) nauplii in the day compared with the night (Figures 4B, C, Supplementary Figures 8, 9). The dissimilarity among trips was associated with more Oikopleuridae (a larvacean family, Chordata) during Trip 1 compared with Trips 8 and 12, more Oikopleuridae and Facetotecta larvae (a thecostracan crustacean, Arthopoda) in Trip 7 compared with the other trips, and more barnacle larvae in Trips 7 and 12 (Figures 4A, C, Supplementary Figures 8, 9). Trip 8 and 12 had the most variable composition compared with the other trips.





Discussion

We tested whether the ecological consequences of the trophic interactions between the cleaner fish L. dimidiatus and their planktivorous fish clients indirectly affects the demersal zooplankton community. We discuss, first, whether cleaner fish presence manipulated over 12 years (July 2000 to December 2012) affected the abundance, diversity, and composition of planktivorous client fishes, second, whether cleaner presence indirectly affected the biomass, abundance, diversity and composition of demersal zooplankton, and third, the diel and temporal patterns in demersal zooplankton.


Effect of Cleaner Fish Labroides dimidiatus Presence on Planktivorous Fish

We focused on planktivorous damselfishes (Pomacentridae) as being the most abundant, diurnal, site-attached, highly visible, abundant, and speciose fish family. Overall, fish surveys after 9 (2009) and 12 y (2012) post-cleaner removal revealed that one species, of a subset of the three most ubiquitous and numerous species, was significantly affected by cleaner presence with abundance higher on reefs with cleaners, compared to without cleaners, at both sites and during both years (Pomacentrus amboinensis, not P. moluccensis, and P. nagasakiensis). All P. amboinensis combined contributed to 11% of the combined total abundance. For the total abundance of planktivorous fishes (Pomacentridae, 26 species), there was a tendency for higher values on control reefs with cleaners, compared to removals without cleaners, at both the Casuarina Beach and Lagoon sites in 2009. The positive effect of cleaners on fish abundance agrees with some cleaner manipulation studies of resident fishes that included planktivores (Bshary, 2003; Waldie et al., 2011; Grutter et al., 2020a) and the Pomacentridae recruits in 2012 not counted here (including a positive effect on P. amboinensis recruits, (Sun et al., 2015), but it does not with others which found no effect (Grutter, 1996a; Grutter, 1997b). It should be noted that all significant effects of cleaner presence on abundance detected to date have involved positive effects.

Planktivore diversity measured as species richness, Shannon diversity index, and composition were not affected by cleaner treatment, like it was not for species richness of all Pomacentridae recruits in December 2012 (Sun et al., 2015), and all resident fishes in April 2002 (Grutter et al., 2003). But for species richness, it is in contrast to all resident (i.e., site-attached) species in 2009, when richness was higher on reefs with cleaners (Waldie et al., 2011). These results further confirm the effect of cleaners is not even across client fishes (Bshary, 2003; Grutter et al., 2003; Grutter, 2012). Pomacentridae are highly site-attached and often territorial (Randall et al., 1997) and thus seeking cleaning services elsewhere is not a viable option. Instead, studies suggest that changes to their populations due to cleaner presence may be influenced by processes that affect their parasite loads, size, growth, cognition, physiology, and recruitment (Clague et al., 2011; Waldie et al., 2011; Binning et al., 2018; Demaire et al., 2020; Ros et al., 2020). However, all the above cleaner manipulations studies, except for Bshary (2003) and Demaire et al. (2020), were done on the same reefs as here and so are not independent of this study, which should be considered when generalizing about the impact of cleaner removal to fish communities. Furthermore, manipulations involving additions of cleaners can also influence fish communities (see also Bshary, 2003). In French Polynesia, L. dimidiatus additions attract corallivorous butterflyfish (Chaetodontidae), and causes increases in local predation pressure on corals at cleaner stations, and indirectly reduces the growth rate of an unpreferred coral (Adam, 2012). Additions in French Polynesia also indicate that L. dimidiatus recruits have access to more resources (clients) at occupied sites, and consequently grow faster despite evidence of competition with resident cleaners (Adam, 2011).



Effect of Cleaner Fish Labroides dimidiatus Presence on Demersal Zooplankton

We found no evidence to support the hypothesis that the experimental absence of cleaner fish indirectly affects demersal zooplankton. When sampled with emergence traps placed on the experimentally manipulated reefs, demersal zooplankton biomass, abundance, richness, Shannon diversity index, and community composition did not differ between reefs with and without cleaner fish when sampled up to nine times over 12 years. In contrast, previous studies showed that gnathiid isopods are indirectly affected by the presence of cleaner fish L. dimidiatus on the same reefs sampled here (Grutter et al., 2018; Grutter et al., 2019; Sikkel et al., 2019). Planktivorous damselfish can spend >85% of their time directly feeding on demersal zooplankton (Mann & Sancho, 2007). Elsewhere, the predation rate by planktivorous fishes decreases as fish abundances decreases (O'Brien, 1979; Acosta and Butler, 1999; Motro et al., 2005; Johannsson and Bowen, 2012). However, no evidence of a reduction in such predation was detected here. This has important implications for understanding coral reef food webs, specifically the links between diurnal planktivore abundance, demersal zooplankton, and cleaner fish presence on the reef. Zooplankton are important predators of phytoplankton and other zooplankton and also a food source for so many reef organisms, and so can cause both bottom-up and top-down effects within this food web. Altered phytoplankton and zooplankton abundance and composition are predicted to have cascading effects on higher trophic levels of the GBR (McKinnon et al., 2007). Any change in overall abundance and trophic efficiency of phytoplankton and zooplankton communities may result in a change in higher trophic level populations. This study suggests a certain resilience to the removal of a key mutualist (L. dimidiatus) from this food web, despite a presumed reduction in fish predation on demersal zooplankton.

There are several alternative explanations for why no indirect effect of cleaner fish presence on the non-gnathiid zooplankton was detected here. The effect of cleaners on planktivorous fishes may be too small to influence their predation rate at the times scales sampled. Indeed, we only detected an effect of cleaner presence on a small proportion of the planktivorous fish population. However, it should also be noted that sampling times for planktivorous fish and zooplankton sampling only overlapped in the last sampling trip. Demersal zooplankton may only make up a small fraction of the diet of the planktivorous fishes that were affected by cleaners, as some also eat detritus and algae, holoplankton, and transported oceanic zooplankton (Hamner et al., 1988; Frederich et al., 2009; Hanson et al., 2016; Leray et al., 2019). The predation rate of invertebrates that feed on zooplankton, organisms not likely affected by cleaners, might overwhelm that of planktivorous fishes. Many corals consume zooplankton, as do bivalves, brittle stars, sponges, and tunicates (Ruppert and Barnes, 1994; Houlbreque and Ferrier-Pages, 2009) — all of which occur on the reefs (Grutter A.S., personal observation). Demersal zooplankton might not all originate from or remain on the local patch reef sampled, which could obscure any local reef effect. For example, the prevailing current at the location sampled (Lagoon) is related to the prevailing southeasterly wind (Grutter et al., 2019), which results in a current coming from offshore, across the reef flat, lagoon, and back reef then moving offshore again. However, this current did not appear to obscure the local effect of cleaners on gnathiid isopods at this same site (Grutter et al., 2019).

This study was timely, as L. dimidiatus experienced an 80% reduction in abundance due to sequential cyclone and El Niño (warming) events at other sites in Lizard Island (GBR) between 2014 and 2016 (Triki et al., 2018). At the Lagoon site, all cleaners had disappeared from 4 out of the 6 control reefs by July 2016, with a slow and incomplete recovery by Oct 2018 (Grutter et al., 2019). Such total losses from a control reef during 2000 to 2012 were rare, and when present (four times) only involved one reef per sampling time (Supplementary Table 1). Thus, any studies at this site examining the effect of cleaner presence after 2012 must be interpreted with caution.



Diel Changes in Demersal Zooplankton Biomass, Diversity, and Composition

While we predicted an effect of cleaner presence on diurnal demersal zooplankton, based on the diurnal habits of cleaners and some planktivores, this effect was not detected here. Occasionally biomass, and in all trips, Shannon diversity index, were higher at night. Zooplankton composition also differed between the day and night during all trips sampled. In contrast, there were no differences between day and night for zooplankton abundance. The latter is likely to be due to the high numbers (yet small size) of nauplii that dominated the data during both the day and night. Nocturnal emergence across a range of taxa tended to be higher, as commonly found elsewhere (Alldredge and King, 1980; Ohlhorst, 1982; Amer, 2019). Emergence rates also varied across taxa, as commonly found elsewhere (Ohlhorst, 1982; Amer, 2019; Leray et al., 2019). Taxa that contributed the most to the dissimilarity in composition between the day and night involved more barnacle (Cirripeda, Arthropoda) nauplii during the day compared to the night. In contrast, gnathiid isopods, which were removed from the same samples quantified here, were less abundant in the day than at night (Grutter et al., 2019).

Diel migratory behavior may be a way to avoid predators (Turner and Mittelbach, 1990; Acosta and Butler, 1999), including diurnal planktivorous damselfishes (Waldie et al., 2011; Leray et al., 2019). The increased diversity observed during the night may also be due to higher zooplankton feeding rates of some taxa at night (Stepien and Brusca, 1985; Roman et al., 1990), such as larger zooplankton species that do so to avoid being detected by diurnal fish (O'Brien, 1979). More information is needed on whether certain diurnal zooplankton taxa are preferentially removed by planktivorous fishes, as well as information on density dependent interactions between planktivorous fish and zooplankton according to taxon.



Temporal Changes in Demersal Zooplankton Biomass, Abundance, and Composition

Our prediction that demersal zooplankton would change after the removal of cleaner fish at the beginning of the experiment in July 2000 was not supported. For biomass, differences among times were due to higher biomass at night (1.7 to 3.2 times, Supplementary Figure 4) compared with the day during some of the trips, relative to the first trip (July 2000). In contrast, for abundance, it was only higher (4.8 times, Supplementary Figure 6C) once during January 2002 (Trip 7), relative to the first trip. Composition varied among all trips. Specifically, composition was characterized by more Oikopleuridae (a larvacean family, Chordata) during July 2000 (Trip 1) compared with June 2002 (Trip 8) and December 2012 (Trip 12) and more Oikopleuridae and Facetotecta larvae (a thecostracan crustacean, Arthropoda) in January 2001 (Trip 7) compared with the other trips. There were also more barnacle larvae in January (Trip 7) and December 2012 (Trip 12), both involving summer months, suggesting the possibility of a seasonal effect on this group. June 2002 and December 2012 (Trips 8 and 12) had the most variable composition (Figures 4A, C). Temporal changes in zooplankton emergence have commonly been demonstrated elsewhere (e.g. The Red Sea, Amer, 2019).

Our finding that the association between zooplankton biomass and biomass per sample per trip was rarely correlated indicates there are differences in the size frequency distribution of organisms across the trips sampled. The only other study on the GBR using the same identical traps, but at night only, was done on Heron Island (Jacoby and Greenwood, 1988). It reveals a similarly diverse zooplankton fauna, with copepod nauplii, various other copepods, decapod larvae, and bivalve veligers being the most abundant groups.

The demersal zooplankton community was clearly diverse and is likely to contribute to the overall energy flux on the reef. Excluding gnathiid isopods, the lack of an effect of the cleaner L. dimidiatus on demersal zooplankton suggests processes associated with predation pressure on zooplankton by non-fish planktivores, as well as processes related to zooplankton behaviour and population dynamics may be more important in explaining variation in demersal zooplankton communities.

Because demersal zooplankton live within the reef substrate, whose composition affects zooplankton community structure (Alldredge and King, 1977; Porter and Porter, 1977; McWilliam et al., 1981; Amer, 2019), they are vulnerable to changes in this habitat. Lizard Island has suffered from two cyclones (2014, 2015) and significant temperature stress resulting in two major mass bleaching events (2016, 2017), leading to high coral mortality and dramatic shifts in reef diversity and habitat structure. Coral cover on reefs around Lizard Island dropped 5-fold from 36% (in 2011) to 7% in 2017 (Madin et al., 2018). Coral species diversity experienced significant declines between 2011 to 2017, and significant recovery from 2017 to 2020 (Richards et al., 2021). The reduction in substrate complexity due to coral death from high water temperatures, has altered the abundance and diversity of many reef species, with significant cascading effects on community structure, food webs, and ecosystem function (Pratchett et al., 2018; Wolfe et al., 2021). Ongoing sampling on zooplankton abundance and biomass since 2012 has continued on the reefs sampled here, with only the abundance of the demersal gnathiid community from 2000 to 2018 published to date which showed significant changes over time (Sikkel et al., 2019). There are few long-term studies on coral reef zooplankton (McKinnon et al., 2007; Carrillo-Baltodano and Morales-Ramirez, 2016), with none to our knowledge on demersal communities. In many communities the demersal zooplankton community and its biomass are poorly described and quantified. Therefore, this study provides a unique insight into this community. It also provides a baseline from a relatively stable period on the GBR to examine temporal changes from this period and onwards.




Conclusion

This study used the longest cleaner fish removal experiment to date, which has provided data for multiple studies trying to investigate the effects of a key-species loss on the rest of the community. The main question asked here was: To what extent does the presence of cleaner fish and its effect on the distribution of their client fish indirectly influence the zooplankton community? Contrary to some of those previous studies which sampled other variables, the present study did not detect an effect of cleaner fish removal on demersal zooplankton as a variable, which indicates that the effect of cleaners is not even across coral reef communities. We found that, at this location, the abundance of fishes that feed on zooplankton was, on occasion, negatively affected by the long-term removal of the cleaner fish L. dimidiatus, nevertheless, this did not indirectly result in changes in zooplankton. We used the longest-running, most intensively studied field study on coral reef demersal zooplankton, which had considerable replication. That we did not detect a signal of an effect of cleaner presence on zooplankton suggests it is not there or it is very weak. Possibly, this may be due to multiple other sources of predation on zooplankton and processes involved in zooplankton population dynamics. This study adds to another similar study at this location which, despite also showing a decrease in the abundance of another group of fishes (algal farmers and grazers, Pomacentridae) in the absence of cleaners, did not detect a subsequent effect on the reef benthos they feed upon (Grutter et al., 2020a). These studies suggest a certain resilience in the reef’s community structure to the loss of cleaner fish at the local scale. Nonetheless, the absence of cleaning services still has numerous adverse consequences for fish physiology and populations. While the zooplankton community was highly variable, we could detect significant effects of time of day and sampling time, suggesting that we have adequately sampled the zooplankton community. This study provides one of longest studies of the composition of zooplankton on a coral reef.
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TABLE 1 | Summary of results for fish abundance, diversity, and community composition in relation to the effect of cleaner fish Labroides dimidiatus treatment
{presence or absence) reef” and or their interactions with other factors (Supplementary Tables 4, 5).

Response measured Casuarina Beach Lagoon Cleaner presence effect P
2009 2012 2009 2012

Total abundance ¥ s Cx¥ 0.0491%
Pomacentrus amboinensis + + <+ <+ o] 0.0012%
P. moluccensis i 0.2779°
P. nagasakiensis & 0.2905 ¢
Species richness C 0.3100
Shannon diversity inclex C 0.5111
Community composition C All > 0.05

“+" represents an increase in the diversity or abundance on reefs with cleaners (no significant decreases were detected); "C » Y represents an interaction between cleaner treatment and
year, and "C" represents cleaner treatment. Data are compared with the baseline {control reefs with cleaners, the Casuarina beach sits, and year 2009). §=The Sidték correction for four
multiole tests was applied (o = 0.0127).





OEBPS/Images/table5.jpg
Source ss mMs Numerator DF Denominator DF F P (>F)

Daynight 0.70576 0.70576 1 58.482 4.6353 0.03546 *
Treatment 0.26021 0.26021 1 10.078 1.709 0.22015
Trip 1.23748 0.41249 3 58.755 2.7091 0.05321
Daynight : Treatment 0.08366 0.08366 1 58.482 0.5495 0.4615
Daynight : Trip 0.93194 0.31065 3 58.16 2.0402 0.11817
Treatment : Trip 0.08894 0.02965 3 58.755 0.1947 0.89959
Daynight : Treatment:Trip 0.66529 0.22176 3 58.16 1.4565 0.23581

Type lll analysis of variance table with Kenward-Roger's method. P values in bold are those mentioned in text. Two outliers omitted. Significance codes: ' 0.05, *." 0.1. Treatment =
Labroides dimidiatus presence or absence.





