We thank the reviewer for insightful comments and suggestions, which improved the manuscript. The reviewer
highlighted some confusing paragraphs in the materials and methods and discussion section, that relate to: the
lack of a clear question/hypothesis statement in the introduction, and the use of the coinertia analysis as our
multivariate analysis of choice.
These remarks were addressed in the following ways:
- Expansion of the introduction, by rephrasing and clarifying the aim of the study, and elaborating on
the model development.
- Rewriting the materials and methods of the data analysis, and the caption of the main figure
describing the coinertia analysis results.

Below we reply to the reviewer remarks, with the according line numbers where appropriate.

1. Reviewer’s comment: However, the authors don’t give a clear question or hypothesis at the end of the introduction,
and the lead-in to the goal of the paper is a little confusing. To me, the question should be whether the bioirrigation
potential calculated from community structure actually predicts the measured bioirrigation. I am somewhat skeptical
of this, and the data presented seems to indicate that the bioirrigation potential explains only a small amount of the
variability in bioirrigation at most. The authors present this concept as if it is well established and a valid metric for
characterizing bioirrigation, when it was introduced in 2018 and has not to my knowledge really been tested.

Reply: By using the words “estimate”/”estimates” when describing the index approach, we tried to emphasize the
difference between a quantitative measurement, and an ecological index application. Furthermore, in lines 56-62
we note the potential of this index, but also indicate that it is not really clear what this represents in terms of an
ecological function. To clarify this, we edited line 43: “Bio-irrigation rates can be quantified with biogeochemical
methods, or a qualitative estimate can be calculated by an index of bio-irrigation based on biological information.”

We rephrased lines 63 — 68 to include an explicit statement of the aim of the study. “The aim of the current study
was to compare bio-irrigation rate measurements with an index of bio-irrigation in natural sediments of a
temperate estuarine system, the Oosterschelde. Samples were collected across different seasons in three subtidal
and three intertidal sites with different benthic communities, and sediments varying from muddy to sandy. Bio-
irrigation rates were derived by fitting a novel mechanistic model through a quasi-continuous time series of a
fluorescent tracer, while biological information was used to calculate the IPc index.”

2. Reviewer’s comment: the methods section is confusing because it consists of a list of methods without justifying
exactly why the authors are doing these things. For example, there are measurements of chl a, C, N, grain size, but
how do these relate to bioirrigation? What does it mean if these values are high or low? They clearly do relate to
bioirrigation through sediment permeability, but this needs to be explicitly stated and justified. There was actually
surprisingly little discussion of permeability, which is likely very important in bioirrigation.

Reply: We added additional clarification to our choice of parameters by changing lines 78 - 80 to: “Sediment
permeability has a strong influence on bio-irrigation rates (Aller, 1983; Meysman et al., 2006). Sediment
permeability was not directly measured, but additional samples for sediment characteristics relating to this
property (grain size distribution and porosity) were taken from the top 2 cm of sediment at each site, using a cut-
off syringe. From the same samples a subsample was collected for determining the chlorophyll a content, and C/N
ratios in the sediment, as measures of food availability and quality respectively.”

Though we agree on the role of the sediment permeability for various functional properties, our results do not
significantly contribute to the discussion about this topic in previous works (e.g. in: Aller, 1983; Meysman et al.,
2006; Renz et al., 2018). The role of permeability in bio-irrigation is mentioned in the introduction (lines 36-40)**,
it is included in the sampling design (through sediment grain size and porosity), and the efforts made by Renz et
al. (2018) of including sediment type (~permeability) as a modifier in the index are mentioned in the discussion
(lines 362-365).



**: We modified sentence 36-40 of the introduction to make the link with permeability stronger: “In muddy
sediments, where permeability is low, bio-irrigation impacts are localized close to the burrow wall, as the transport
of solutes radiating from the burrows is governed by diffusion (Aller, 1980).”

3. Reviewer’s comment: “Statistical analysis” was extremely difficult to follow, which made understanding and
interpreting the results (Fig. 4) extremely difficult. These tests need to be tied to an explicit hypothesis and justified.
Why were data on chl, grain size, etc., categorized rather than left linear? Why were absolute species abundances
transformed to relative abundances? This doesn’t make sense when considering the effect on bioirrigation, but it’s not
actually clear what this test was for.

Reply: The materials and methods section “statistical analysis” was renamed “data analysis”, and rewritten. The
caption for figure 4 was also modified for clarity.

Reasons to transform or categorize some variables

Relative species abundances were used to emphasize the specific functional role of some species within the
communities and to mask any size effect of total abundance that are often encountered on production gradients
(Beauchard et al., 2017). The ordination techniques used here are based on linear relationships, hence they may
fail in capturing possible non-linear relationships between some continuous variables. When variables are
categorized, dummy variables (0 or 1) are used to represent the different categories of the original variable and this
allows for the inclusion of non-linear relationships.

Coinertia analysis

A coinertia analysis basically combines ordinations of different datasets (e.g. environmental, biotic and
biogeochemical) and tests whether these datasets are correlated.

With the coinertia analysis, and the following permutation test we first test the null hypothesis that there is no
significant relationship between environmental variables and species densities. In our case, the null hypothesis is
invalidated (second sentence of section 3.4, and figure 4a), this is visible as a clear co-structure between both
datasets, hence the environmental variables are correlated with the species densities (and vice versa). We then
couple the irrigation data to this co structure (visually, in Figure 4c), and test for correlation of these rates to the
environment-species data (results in Table 5). With the coinertia analysis (Figure 4), the directionality of correlated
variables also becomes immediately clear. The rewritten section, and the figure are included at the end of this
rebuttal.

Additional clarification

In the results (3.4 Co-Inertia analysis), lines 222-226 were edited to include the result of the permutation test. This
now reads: “The first and second axes of the co-inertia analysis (CoiA) explained 57% and 19% of the variance in
the dataset respectively (histogram inset Fig. 4a). The Monte-Carlo permutation test resulted in a significant RV
coefficient (the multivariate generalization of the squared Pearson correlation coefficient) of 0.62 (p < 0.001),
showing that the species data and the environmental data are significantly correlated. Both the first and second
axes of the MCA performed on the environmental parameters and of the PCA performed on the species
community were correlated, indicated by high Pearson correlation coefficients (Figure 4a; for the first axis: r =
0.95, p < 0.001; for the second axis: r = 0.92, p < 0.001).”

4. Reviewer’s comment: I understood very little of Fig. 4, it was confusing which datasets were used or what this
figure is supposed to show, and what is the inset in fig. 4a?

Reply: By rewriting section 2.5, and the figure caption we hope to have clarified this. The inset in Figure 4a, displays
the eigenvalue diagram of the co-structure resulting from the CoIA, and thus the relative importance of the first
two axes (in black). This has been added to the figure caption.



5. Reviewer’s comment: The conclusions section was confusing and hard to follow since I didn’t really follow the
community analysis, need to revise around a clear question/hypothesis

Reply: We rewrote the conclusion to : “By fitting a mechanistic model to fluorescent tracer measurements we were
able to infer more detailed information on the bio-irrigation process in species communities than an exchange rate
alone, thereby improving on linear regression techniques. Benthic organisms differ strongly in the magnitude and
mode in which they express functional traits. With this study we aimed to determine whether bio-irrigation can
be predicted by an index of bio-irrigation, calculated based on functional traits. This index was correlated to the
attenuation coefficient, but not the bio-irrigation rate. Our findings also highlight the importance of the context
in which indices for functional processes should be evaluated, because of the confounding role spatial context and
behaviour play. Different species assemblages can have the same bio-irrigation rates, but differ in sediment depth
over which they exchange solutes. This is important to consider when implementing bio-irrigation in models of
sediment biogeochemistry.” Also, by rewriting the explanation about the coinertia analysis (comment 4), we hope
that the confusion has been removed.

6. Reviewer’s comment: [ was a little confused at times about why the authors were using abundance versus biomass
— it seems to me that biomass is much more appropriate for predicting bioirrigation, so I don’t understand, e.g., why
they calculated an individual irrigation rate or what that is supposed to mean. Wouldn’t the individual irrigation
rate depend strongly on the size of the individual? It would make more sense to have an irrigation rate normalized to
the biomass, if normalization is useful.

Reply: Large animals often dominate the assemblages in terms of biomass, even if they are present in very low
numbers. These animals are often not adequately sampled with our sampling design. Even though they may not
necessarily be active bio-irrigators they would dominate the analysis when based on biomass. In some of our
samples, most of the biomass was in a large non-bio-irrigator (e.g. the furrow shell Scrobicularia plana). Analyses
based on biomass strongly associated the measured bio-irrigation rate with the non-bio-irrigator, and diminish
the importance of smaller bio-irrigating species in the same sample, which have a much smaller biomass (e.g.
several Hediste diversicolor), but through their lifestyle are expected to contribute much more to bio-irrigation.

Additional clarification

Since the inclusion of the irrdens metric (irrigation divided by species density) is redundant for the discussion, we
have decided to remove this metric and references to it from the manuscript. (In text on lines 234 to 237 and line
256; removed from tables 4 and 5; arrow removed from figure 4c).

7. Reviewer’s comment: Why were the data from subtidal and intertidal sites averaged? From Fig. 2, there are
fairly big differences among sites, e.g., density among the intertidal sites, so this seems questionable

Reply: Statistical tests were performed on the non-averaged data. To visualize the differences between the two
habitats (intertidal and subtidal) in a table, we show average values with standard deviation as a measure for the
variability between sites.

8. Reviewer’s comment: [ recommend re-framing the manuscript around the question of whether variability in
community structure drives variability in bioirrigation or if other factors, e.g., season or temperature, sediment
properties, subtidal vs intertidal, etc., are more important in driving bioirrigation. It’s possible that this or something
like this is what the community analysis was trying to get at, but it didn’t come across clearly. Perhaps a generalized
linear model predicting the measured r and a parameters from IPc and other variables would be more appropriate?

Reply: In complying with comment 1: “To me, the question should be whether the bioirrigation potential calculated
from community structure actually predicts the measured bioirrigation. I am somewhat skeptical of this, and the data
presented seems to indicate that the bioirrigation potential explains only a small amount of the variability in
bioirrigation at most.”, we did this by providing a clearer statement of the aims of the study (please see our reply to



comment 1, lines 63-68), which also includes seasonality, and the differences between habitats (subtidal -
intertidal, sediment types) as possible influences on the bio-irrigation measurements, and index calculation.

A generalized linear model was part of our initial data-exploration process, but this did not give meaningful results.
Therefore we chose to work with the coinertia approach, since this approach visualizes all the measured
parameters, as well as the effect of dominant species, and still delivers p-statistics when combined with correlations.

9. Reviewer’s comment: [ think the high temporal resolution data on bioirrigation is really exciting and the analysis
of those experiments is very interesting. While I haven’t exhaustively read the literature on bioirrigation, these
methods seem novel and exciting to me, and I encourage the authors to be a little more clear in taking credit for this,
or at least be a little more explicit about whether this approach is new or how they built on previous studies. E.g.,
more detail on the models mentioned in line 46 and how this approach builds on those would be interesting to know.
I really like the model presented in eqs 1-3, and encourage the authors to present more detail about the model results.
For example, is it possible to separate the relative contribution of diffusion, advection, and adsorption (the 3
components in eq. 1) to the change in tracer concentration?

Reply: We added more detail on the models in lines 44-48. This paragraph now reads: “The biogeochemical
methods estimate the exchange rates of a tracer substance (usually inert) between the overlying water and the
sediment, by fitting a linear model (De Smet et al., 2016; Mestdagh et al., 2018; Wrede et al., 2018), or a quasi-
mechanistic model (Berelson et al., 1998; Andersson et al., 2006) through measured concentration time series. A
linear decrease returns the rate of disappearance of the tracer from the water column over a given time period, but
it gives little information on the bio-irrigation process itself, e.g. what is the actual pumping rate, and where in the
sediment are solutes exchanged. While sometimes the depth distribution of the tracer in the sediment is
characterized post-experiment to obtain this information (Martin and Banta, 1992; Berg et al., 2001; Hedman et
al., 2011), this step is often overlooked. By increasing the temporal resolution of the tracer concentration
measurements, an exponential decrease can be fitted through the data, from which a bio-irrigation rate can be
derived which is independent of the length of the experiment (Meysman et al., 2006; Na et al., 2008). For these
applications fluorescent tracers are used, as they can be monitored in-situ, and the measurement is instantaneous.
So far, this method has been applied in controlled settings, but not yet in field applications.”

We believe that it would not be meaningful to separate the tracer exchange in terms of diffusion - advection and
adsorption for a conservative tracer, as this would change significantly over time, and as the equilibrium solution
is one in which the tracer is distributed evenly throughout the water and the sediment column, so the contribution
of all these processes would be zero. However, it would be really worthwhile (albeit not within the scope of this
study) to do this calculation for a non-conservative tracer.

To give more detail on model results, we have added more examples of fitted output (please see comment 11).

10. Reviewer’s comment: In line 202, the authors mention that k (in the adsorption component) has much less
impact than r and a, but I wasn’t really sure how to interpret that. If I wanted to use this model to do a similar study,
could I remove the adsorption term altogether or would I need to go to the trouble to measure k? Under what
circumstances would it be okay to ignore that term? Similarly, diffusion is probably much smaller than advection -
are there any circumstances in which diffusion is important?

Reply: The adsorption rate k (hour™) has a small effect on the tracer profile because also the adsorption equilibrium
term (Eqa) is low. However, the importance of k will increase with an increasing Eq4, as both are multiplied.
Although Eg, is low in our experiment, it is a significant parameter in the model, so both parameters should be
measured, although it is experimentally challenging (Hameed and Ahmad, 2009). please see the supplement and
reply to reviewer 1.



11. Reviewer comment: [ really like Fig. 3 and think that Fig. 3b does a great job of explaining the model output. It
might be useful to show a few different examples in addition to the one in 3a to better illustrate the range of
variability in bioirrigation among the samples.

Reply: We have added additional examples, which were included in the supplement. The caption of figure 3 was
modified to refer to these extra examples in the supplement.
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Figure R1: Additional model fits of data (red lines) collected different sites, at different times throughout the year.
The best fit tracer profile (full black line) is shown, along with the range of model results as quantiles (light and dark

grey).

12. Reviewer comment: It seems to me that the attenuation coefficient reflects the volume of burrows rather than
the depth of burrows. It’s possible 'm not understanding this correctly, and certainly depth and volume would be
correlated, but it makes more sense to me to think about volume rather than depth when thinking about dilution of
tracer in the volume of overlying water



Reply: In our 1D model, the depth is indeed directly related to the volume, as it is assumed that the sediment is
laterally homogenous (burrows are not explicitly modelled). The attenuation coefficient assigns to proportion of
the total exchange that works on the different depth layers. In reality a high volume of burrows doesn’t necessarily
increase the depth (and decrease the attenuation coefficient). If all these burrows are shallow, the pumping rate
will most likely increase, but the solute exchange could be concentrated in the first 3 cm for example. For increasing
burrow densities of similar depths (and assuming no major species interaction effects), the attenuation will indeed
decrease, as the exchange takes place equally over a larger depth range.

13. Reviewer’s comment: Line 12 - [ disagree that using biological traits is “quantification”.

Reply: We agree with this comment, line 12 was changed to: “bio-irrigation is either quantified based on tracer
data or, a community (bio-) irrigation potential (IPc) can be derived based on biological traits”.

14. Reviewer’s comment: Line 42 - should explicitly state assumptions in the bioirrigation potential calculation.

Reply: The assumptions were added to the manuscript on lines 51-.... “The index approach starts with the
quantification of the abundance and biomass of organisms inhabiting the sediment, and an assessment of how
these organisms bio-irrigate. The latter is done based on a set of life history traits which are assumed to contribute
to bio-irrigation: the type of burrow they inhabit, their feeding type and their burrowing depth. Species are assigned
one trait score for each trait, independent of the biological context in which they occur (but see Renz et al. (2018)).
The species biomass and abundance, combined with their trait scores are then used to derive an index that
represents the community (bio-) irrigation potential (BIPc and IPc in Renz et al.,, 2018 and Wrede et al., 2018
respectively), a similar practice to what is done for bioturbation with the community bioturbation potential (BPc;
Queir6s et al., 2013). The inherent assumptions of this approach are that bio-irrigation activity increases linearly
with the number of organisms, and scales with their mean weight through a metabolic scaling factor.”

15. Reviewer’s comment: Line 60 — was this calibration with bromide done using the linear fit or mechanistic model?

Reply: This was done using the linear fit, we also cite this work in a previous line about this “. The biogeochemical
methods estimate the exchange rates of a tracer substance (usually inert) between the overlying water and the
sediment, by fitting a linear model (De Smet et al., 2016; Mestdagh et al., 2018; Wrede et al., 2018), or a quasi-
mechanistic model (Berelson et al., 1998; Andersson et al., 2006) through measured concentration time series.”

16. Reviewer’s comment: Line 70 — were the two years averaged for the fall season? Interannual variability can be
substantial.

Reply: These were averaged, as the range in the data was not out of the ordinary for either the species data (Figure
2), or the environmental data (Table 4).

17. Reviewer’s comment: Line 77 — don’t understand “70 samples” — is this pairs of cores or individual cores?

Reply: To clarify we changed it to the following: “In total 70 individual cores in the intertidal, and 47 in the subtidal
were collected.”

18. Reviewer’s comment: Line 81 - should give data for average water temperatures, I suggest including this in the
model of factors that affect irrigation

Reply: Average temperatures of the water in the cores during measurements were added to table 1, and referred to
in methods on line 81. The effect of temperature is implicitly included in the factor season, used in the multivariate
analysis.



Season Spring Summer Autumn Winter

Months Apr - Jun Jul - Sep Oct - Dec Jan - Mar
Avg. Temperature (°C) 12.8 17.9 11.9 7.3
Dortsman 4 5 9 5
Zandkreek 4 6 9 6
Olzendenpoder 4 4 8 6
Lodijksegat 4 4 8 2
Hammen 4 4 8 2
Viane 3 0 6 2

19. Reviewer’s comment: Line 157 — Do you mean supplementary table 2?

Reply: Thank you for noticing this, it should be Figure 2 of the manuscript and has been corrected as such.
20. Reviewer’s comment: Line 241 - there is no Fig. 5 - do you mean 4?

Reply: Thank you for noticing this, it has been corrected.

21. Reviewer’s comment: Discussion 4.1 - I don’t understand the term “Bio-irrigation shape” - rephrase?

Reply: We changed this title to “Advantages of mechanistic modelling”, as this conveys the information in the
following paragraphs more clearly.

22. Reviewer’s comment: Fig. 3 - it took me a minute to figure out that the y-axis in b was also ug L-1. Since the
numbers are different, it would be useful to label this. I also suggest making the axis scales more similar - even though
the starting points are different, the scale could be the same.

Reply: We added the units to the y-axis in the b-part. The scale has not been changed because then the inset does
not fit on the figure anymore. If we change the scale on the a part, then this generates a large blank space in the
domain as well. The purpose of this figure is also not to compare a and b, they both have their individual
explanation.

23. Reviewer’s comment: Table 2 - suggest using “d50” instead of “MGS”
Reply: We changed it both here, and in section 3.1 of the results.
REWRITTEN SECTION

2.5 Data analysis

Differences in model derived pumping rates r and attenuation coefficient a between subtidal and intertidal were
tested using a two-sided T-test (using a significance level of 0.05). For further multivariate analysis, species
densities, biomass, and estimated irrigation parameters were averaged per station, and per season (Figure 2) since
not all six stations were sampled on the same date. The patterns in abiotic conditions, species composition and
bio-irrigation rates were analysed using ordination techniques for multivariate datasets as described in Thioulouse
et al.(2018), and implemented in the ade4 R package (Dray and Dufour, 2015). In this procedure, a coinertia
analysis and permutation first tests the null hypothesis that there is no significant relationship between
environmental variables and species densities, and then the correlation of the bio-irrigation rates to the
environment-species data is assessed. In a first step, the species data matrix was processed by centered Principle
Component Analysis (PCA). For this the species relative densities were used to emphasize the specific functional
role of some species within the communities (Beauchard et al., 2017). Secondly the environmental variable matrix



was processed by Multiple Correspondence Analysis (MCA; Tenenhaus and Young (1985). This technique can
account for non-linear relationships between variables, but requires all variables to be categorical. Sediments were
categorized based on grain size into the Udden-Wentworth scale (Wentworth, 1922) of silt (< 63 pm), very fine
sand (> 63 pm, < 125 pm) and fine sand (> 125 pm, < 250 pm); the Chl a content was categorized to distinguish
sites with low (< 8 pg g-1), intermediate (8-16 pg g-1) and high (> 16 pg g-1) chlorophyll content. Two abiotic
variables were already categorical: habitat type (intertidal versus subtidal) and season. Sediment porosity and C/N
ratio were not used in the analysis given the small range within these data (Table 2). In a third step, the two
ordinations were combined in a Co-Inertia Analysis (ColA; Dray et al. (2003)), to explore the co-structure between
the species and the environmental variables. The significance of the overall relationship (the co-structure of species
and environment) between the two matrices was tested by a Monte-Carlo procedure based on 999 random
permutations of the row matrices (Heo and Gabriel, 1998). Finally, the correlations between the response variables
relating to irrigation (estimated irrigation parameters, calculated IPc, BPc) and the two axes of the co-inertia
analysis were assessed using the Pearson correlation coefficient assuming a significance level of 0.05. Results are
expressed as mean + sd.
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Figure 4: Summary of the coinertia analysis (ColA). (a) Co-structure between abiotic samples (circles) and species
samples (arrow tips); grey circles “D”, “0”,“Z” for intertidal sites Dortsman, Olzendenpolder and Zandkreek
respectively; white circles “H”, “L”, “V” for subtidal sites Hammen, Lodijksegat and Viane respectively. Arrow
length corresponds to the dissimilarity between the abiotic data and the species data (the larger the arrow, the larger
the dissimilarity). Pearson’s correlation between the circle and arrow tip coordinates on the first axis: r = 0.95, p <
0.001; on the second axis, r = 0.92, p < 0.001. Sites are more similar in terms of environmental conditions (circles), or
species (arrow tips), when they group closer together. Inset: eigenvalue diagram of the co-structure; first axis explains
57%, second axis explains 19% of the variation in the dataset. (b) MBA based on environmental variables. (c) Species
projections (dark arrows) and projected response variables (bio-irrigation parameters and bioturbation and bio-
irrigation index) onto the co-inertia axes (grey arrows). The directions of arrows in figures b and c corresponds to the
directions in which stations are grouped in terms of abiotic data (circles) and species composition (arrow tips) in
figure a.
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