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Supplementary texts

Text S1. Determining school distribution from acoustic data

These methods have been adapted from Holland et al. (2021). We used the bathymetry 
detection tool in Echoview, along with the known geographic locations of reef structures and 
their dimensions, to construct bathymetry surfaces which were inclusive of artificial 
structures. These updated bathymetry surfaces were used to subset midwater acoustic data so 
that echoes from reef structures and seafloor could be completely excluded. We then 
calculated median values across every three pings, blurred the data with an XYZ convolution, 
and applied a threshold of -65 dB to create a 3D Boolean mask to extract the original 
unaltered data. Georeferenced samples were exported from Echoview and all further analysis 
was conducted in R v3.6.3 (R Core Team 2020).

Georeferenced midwater samples were converted to 1 m resolution horizontal rasters using 
the ‘rasterize’ function from the ‘raster’ package (Hijmans 2020) in R. Three raster layers 
were created for each transect, to represent the minimum and maximum depth of target 
detections, as well as the ‘school thickness’ for each grid cell. We calculated school thickness 
by binning samples into vertical depth layers of 1 m, and for each horizontal grid cell, 
counting the number of layers containing at least one target detection. At 1 m resolution, this 
school thickness variable could essentially be considered aggregated school volume for each 
1 m2 of seafloor. 

For transects undertaken to map school distribution, gridded values were aggregated to 5 m 
resolution by calculating mean values across cells, to improve computational efficiency
(Figure 2). Transects from the same survey were combined into a single raster by calculating 
the mean value of overlapping cells. Raster extent was then cropped to a 200 m square grid 
centred over each reef. Transect data for school characteristics retained the finer 1 m 
resolution so image analysis techniques could be used to define fine-scale school boundaries. 
Transects were processed individually, rather than being combined into single raster. These 
transects were subset to conform to a 300 m square grid.

Text S2. Identifying schools

For the study of diel effects on school characteristics, an image analysis process based on 
Reid and Simmonds (1993) was used to extract fish schools from gridded school thickness 
data. Initially a ‘blur’ filter, essentially a weighted mean function with a 3 ⨯ 3 kernel, was 
applied to each transect to remove background noise (Supplementary Figure 4) caused by 
zooplankton and isolated fish, using the following kernel weighting recommended in Reid 
and Simmonds (1993):

1 2 12 1 21 2 1
This was followed by binary thresholding of the blurred data, using a threshold value selected 
by examining the frequency histogram of school thickness. In this case, 2 m was selected as 
the minimum school thickness threshold because it excluded the largest spike in frequency to 
result from noise. Approximately 50% of transects had a mean value above this threshold.
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To further isolate schools we then applied an erosion filter to this binary data, which takes the 
minimum value of an unweighted 3 ⨯ 3 kernel. We subsequently applied a dilation, which 
takes the maximum value of an identical unweighted kernel. The erosion followed by dilation 
steps essentially remove a layer of pixels, and then add a layer of pixels back to each object, 
respectively (Reid & Simmonds 1993). This removes isolated nonzero pixels and smooths 
school edges, further cleaning the data and eliminating individual targets and returns not 
likely to be aggregations. Following this, objects in the binary data were converted to 
polygons, which were used to extract the original unprocessed data. In this way, aggregations 
were defined and isolated so that statistics, such as perimeter and area, could be calculated for 
each aggregation.
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Supplementary tables 

Table S1. Regression estimates for the three GLS models describing the total abundance, species richness and Shannon diversity of schooling fish around 
the artificial and natural reef sites. Select column names as follows: DF – total degrees of freedom, R DF – residual degrees of freedom, SE Mod – model 
standard error, ΔAIC date – ΔAIC with date as the only predictor, p – p-value from ANOVA of specified model and model with date as only predictor, 
Estimate – coefficient estimate, SE term – standard error of the specified term, Pr(>|t|) – p-value of the specified term. Significance level of Pr(>|z|) 
indicated by .: > 0.05, *: ≤ 0.05, **: ≤ 0.01, ***: ≤ 0.001, ****: ≤ 0.0001.

Response DF R DF SE Mod ΔAIC date p Predictor Estimate SE Term t-value Pr(>|t|)

Total abundance 70 62 126.89 5.1 0.008 ** intercept -30.49 45.58 -0.67 0.506 .

reef JDN 82.77 32.23 2.57 0.013 *

date 2019-09-03 228.90 60.30 3.80 < 0.001 ***

date 2019-09-26 37.30 60.30 0.62 0.539 .

date 2019-10-31 59.40 60.30 0.99 0.328 .

date 2019-11-08 -1.50 60.30 -0.02 0.980 .

date 2020-08-18 69.40 60.30 1.15 0.254 .

date 2020-08-28 37.90 60.30 0.63 0.532 .
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Response DF R DF SE Mod ΔAIC date p Predictor Estimate SE Term t-value Pr(>|t|)

Species richness 70 62 0.96 20.1 < 0.001 *** intercept 2.19 0.35 6.33 < 0.001 ***

reef JDN -1.17 0.24 -4.80 < 0.001 ***

date 2019-09-03 0.00 0.46 0.00 1.000 .

date 2019-09-26 -0.20 0.46 -0.44 0.663 .

date 2019-10-31 0.40 0.46 0.88 0.385 .

date 2019-11-08 -1.10 0.46 -2.41 0.019 *

date 2020-08-18 0.50 0.46 1.09 0.278 .

date 2020-08-28 -0.90 0.46 -1.97 0.053 .

https://doi.org/10.3354/meps13831


Supplement to Holland et al. (2021) – Mar Ecol Prog Ser 674: 221–239 – https://doi.org/10.3354/meps13831

5

Response DF R DF SE Mod ΔAIC date p Predictor Estimate SE Term t-value Pr(>|t|)

Shannon diversity 70 62 0.26 20.4 < 0.001 *** intercept 0.59 0.09 6.31 < 0.001 ***

reef JDN -0.32 0.07 -4.84 < 0.001 ***

date 2019-09-03 -0.25 0.12 -2.04 0.046 *

date 2019-09-26 -0.24 0.12 -1.91 0.061 .

date 2019-10-31 0.02 0.12 0.18 0.860 .

date 2019-11-08 -0.36 0.12 -2.91 0.005 **

date 2020-08-18 0.02 0.12 0.16 0.877 .

date 2020-08-28 -0.35 0.12 -2.86 0.006 **
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Table S2. Regression estimates for the eight GLS models describing the area per school, proportion of area with schools, volume per school, 
schools hectare-1, P/A ratio, A/V ratio, school height above bottom and school thickness of schooling fish around the artificial and natural reef 
sites. Select column names as follows: DF – total degrees of freedom, R DF – residual degrees of freedom, SE Mod – model standard error, ΔAIC 
date – ΔAIC with date as the only predictor, p – p-value from ANOVA of specified model and model with date as only predictor, Estimate –
coefficient estimate, SE term – standard error of the specified term, Pr(>|t|) – p-value of the specified term. Significance level of Pr(>|z|) indicated 
by .: > 0.05, *: ≤ 0.05, **: ≤ 0.01, ***: ≤ 0.001, ****: ≤ 0.0001.

Response DF R DF SE 
Mod

ΔAIC 
date

p Predictor Estimate SE Term t-value Pr(>|t|)

Area per 
school

173 163 1372.5 48.1 < 0.001 *** intercept -147.24 467.458 -0.31 0.753 .

diel day 50.64 276.167 0.18 0.855 .

reef site JDN 2325.96 329.554 7.06 < 0.001 ***

diel day : reef site JDN -1603.16 451.645 -3.55 < 0.001 ***

Proportion of 
area with 
schools

173 163 0.101 99.1 < 0.001 *** intercept 0.02 0.034 0.45 0.654 .

diel day -0.02 0.020 -1.03 0.307 .

reef site JDN 0.25 0.024 10.09 < 0.001 ***

diel day : reef site JDN -0.15 0.033 -4.60 < 0.001 ***
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Response DF R DF SE 
Mod

ΔAIC 
date

p Predictor Estimate SE Term t-value Pr(>|t|)

Volume per 
school

173 163 9045.4 37.3 < 0.001 *** intercept -2460.35 3080.904 -0.80 0.426 .

diel day 788.76 1820.198 0.43 0.665 .

reef site JDN 12627.20 2172.100 5.81 < 0.001 ***

diel day : reef site JDN -5392.60 2976.727 -1.81 0.072 .

Schools 
hectare-1

173 163 4.6 48.2 < 0.001 *** intercept 8.37 1.577 5.31 < 0.001 ***

diel day -5.56 0.954 -5.83 < 0.001 ***

reef site JDN -0.77 1.136 -0.68 0.498 .

diel day : reef site JDN -0.86 1.540 -0.56 0.579 .

School height 
above bottom 
(m)

173 163 1.7 109.9 < 0.001 *** intercept 2.98 0.490 6.09 < 0.001 ***

diel day 0.75 0.295 2.54 0.012 *

reef site JDN 1.16 0.351 3.30 0.001 **

diel day : reef site JDN 0.76 0.477 1.60 0.112 .
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Response DF R DF SE 
Mod

ΔAIC 
date

p Predictor Estimate SE Term t-value Pr(>|t|)

School 
thickness (m)

173 163 1.67 93.4 < 0.001 *** intercept 0.50 0.592 0.84 0.402 .

diel day 1.50 0.358 4.19 < 0.001 ***

reef site JDN 2.18 0.424 5.14 < 0.001 ***

diel day : reef site JDN 1.08 0.573 1.89 0.060 .

P/A ratio 173 163 0.34 29.4 < 0.001 *** intercept 1.17 0.114 10.22 < 0.001 ***

diel day -0.18 0.068 -2.68 0.008 **

reef site JDN -0.30 0.081 -3.68 < 0.001 ***

diel day : reef site JDN 0.02 0.110 0.15 0.883 .

A/V ratio 173 163 0.07 98.7 < 0.001 *** intercept 0.47 0.024 19.59 < 0.001 ***

diel day -0.08 0.014 -5.25 < 0.001 ***

reef site JDN -0.09 0.017 -5.51 < 0.001 ***

diel day : reef site JDN -0.02 0.023 -1.05 0.294 .
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Response DF R DF SE 
Mod

ΔAIC 
date

p Predictor Estimate SE Term t-value Pr(>|t|)

Distance from 
reef centre (m)

1464 1454 29.1 44.8 < 0.001 *** intercept 113.33 6.92 16.38 < 0.001 ***

diel day -8.82 3.53 -2.50 0.012 *

reef site JDN -8.83 3.90 -2.26 0.024 *

diel day : reef site JDN -13.23 5.88 -2.25 0.025 *
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Supplementary figures

Figure S1. Transect patterns for surveying school distribution (a) and diel effects on school characteristics (b), with (a) aligned into the prevailing swell and 
(b) along lines of constant longitude, starting with red arrow, and ending with the blue arrow. Red lines represent the first set of transects and blue lines 
represent the second set of transects. Dashed lines indicate sections of the vessel track which were excluded from analysis. The black diamonds indicate 
the reef centre, or the reef structures in the case of artificial reefs. All data outside grey boxes were excluded from analyses.
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Figure S2. A schematic diagram of the camera assembly used for drifting and benthic remote video 
deployments (from Smith et al. 2017).
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Figure S3. Examples of raster surfaces used to generate explanatory variables on a per-survey basis 
for the artificial reefs (a) and the natural reef (b) models. The examples provided are from site OAR 
(a) and N1 (b).
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Figure S4. An illustrated example of the six-step image analysis process for isolating fish schools from rasterised multibeam echosounder data. 
Pixel size is 1 m.
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Figure S5. Semivariograms generated from spatially referenced residuals for the final artificial reef (a) and natural reef (b) models.
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Figure S6. Comparison of the average prey (from gut contents analysis of three fish species, 
Schilling et al. unpublished data) and day/night zooplankton net capture size distributions. Error 
bars represent standard error of the mean.
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