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Biodiversity breakpoints along
stress gradients in estuaries and
associated shifts in ecosystem
Interactions
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Denitrification in coastal sediments can provide resilience to eutrophication in estuarine ecosystems,
but this key ecosystem function is impacted directly and indirectly by increasing stressors. The erosion
and loading of fine sediments from land, resulting in sedimentation and elevated sediment muddiness,
presents a significant threat to coastal ecosystems worldwide. Impacts on biodiversity with increasing
sediment mud content are relatively well understood, but corresponding impacts on denitrification

are uncharacterised. Soft sediment ecosystems have a network of interrelated biotic and abiotic
ecosystem components that contribute to microbial nitrogen cycling, but these components (especially
biodiversity measures) and their relationships with ecosystem functions are sensitive to stress. With a
large dataset spanning broad environmental gradients this study uses interaction network analysis to
present a mechanistic view of the ecological interactions that contribute to microbial nitrogen cycling,
showing significant changes above and below a stressor (mud) threshold. Our models demonstrate that
positive biodiversity effects become more critical with a higher level of sedimentation stress, and show
that effective ecosystem management for resilience requires different action under different scenarios.

Excessive nutrient and sediment inputs from land are threatening the wellbeing of marine ecosystems world-
wide!~*. Coastal soft sediment ecosystems, especially estuaries, are areas of considerable transformation of energy
and matter, and are hotspots for biogeochemical processes between the land and the sea. Understanding estu-
arine and coastal marine nitrogen cycling and nitrogen removal pathways is particularly important to coastal
environmental managers due to the prevalence of eutrophication symptoms. Both allochthonous and autoch-
thonous organic matter and nutrients support the productivity of estuarine and marine food webs, regulated by
estuarine soft sediment ecosystem ‘reactors’ that process and recycle a significant amount of this material. These
sediment ‘reactors’ mineralise organic matter into ammonium which can then be released to the water column
fuelling phytoplankton and macroalgal growth, or assimilated by microphytobenthos fuelling benthic primary
production (which creates new autochthonous organic matter) or, transformed in the sediment through recycling
and removal pathways such as coupled nitrification-denitrification, anaerobic ammonium oxidation (anammox),
and dissimilatory nitrate reduction to ammonium (DNRA). Nitrogen cycling in marine sediments is complex,
dynamic in space and time, and dependent on multiple interrelated ecosystem components. Improved under-
standing of the relationships and interactions between ecosystem components (e.g. biodiversity measures) and
key ecosystem functions (e.g. denitrification) in these soft sediment reactors is required for effective management
for ecosystem resilience.

Denitrification, the removal of bioavailable nitrogen, is a key function of coastal soft sediment habitats that
can provide ecosystem resilience to excess nutrient enrichment. Estuary denitrification is dependent on local
environmental variables (e.g. ammonium, nitrate and oxygen concentrations, temperature, salinity, sediment size,
and sediment organic matter content) and macrofaunal community composition®, and it is sensitive to stressors®.
However, because most studies are restricted in space and time, and denitrification measurements are logisti-
cally difficult as well as costly, few studies measure denitrification across environmental gradients and include
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ecosystem variables such as sediment composition or macrofaunal community and biodiversity (for exceptions
see>”®). Despite a substantial body of literature on the drivers of aquatic denitrification, much of the research that
underpins our current mechanistic understanding is based on laboratory or mesocosm studies, and there is a lack
of empirical field studies®!°. For example, knowledge of the influence of sediment type on denitrification rates
comes from flume or core experiments and models (e.g."'"*?), and the role of macrofauna for denitrification has
been primarily demonstrated using core incubations with manipulated faunal compositions e.g.!*"1¢. As a result, it
is difficult to generalise and scale up studies of denitrification. Furthermore, the interrelationships among known
controls of denitrification (i.e. sedimentary environment and biodiversity measures) are not well understood, nor
do we know about the potential indirect effects on denitrification, the effect that changes in these relationships
could have on overall ecosystem resilience, or how this network of interactions may change when ecosystem
stressors increase or interact (e.g. multiple stressor effects caused by increasing sedimentation and biodiversity
loss).

Bioturbation by resident macrofauna facilitates many biogeochemical processes in marine sediments'” mean-
ing that macrofaunal community composition and biodiversity are fundamental to sediment nitrogen cycling,
but these important sediment-macrofauna relationships are often context dependent and vary with sediment
type>®1, Similarly, microphytobenthos can have a role in regulating denitrification and other sediment nitrogen
transformations through oxygenating surface sediments and changing redox gradients, and it too is influenced by
the sedimentary environment®*!, Sediment mud content is a key stressor in coastal ecosystems and is increasing
because of land use intensification and climate change**-*. Studies have demonstrated that increasing sediment
mud content affects biodiversity, macrofaunal community composition, macrofaunal behaviour, microphyto-
benthic biomass, and ecosystem functions (including those associated with nitrogen processing), and that these
changes can be abrupt, occurring at certain ‘breakpoints’ or levels of mud content'®2>-2%, We therefore expect that
increases in sediment mud content will alter relationships between benthic biodiversity and ecosystem functions
such as microbial nitrogen processing®.

Environmental change and increasing stressors requires resilience based management of ecosystems®**!, but
this cannot be done without understanding ecosystem components, their interactions, and how they contribute
to processes like denitrification that provide resilience. Structural equation models (SEMs) use path analysis to
evaluate networks of multiple known or theoretical causal relationships to understand complex systems®>*. SEMs
can be used to model interaction networks and predict and understand interactions between organisms, multiple
environmental variables, and ecosystem functioning e.g.**-3%. These approaches have yet to be fully utilised to
understand ecosystem functions and biogeochemical processes that may contribute to resilience®’-*. Correlative
approaches that use real world ecological data to identify connections between environmental variables and
ecosystem functions enhance the generality of ecological experiments*’. Here we used SEMs to investigate the
ecosystem components that contribute to microbial nitrogen processing (measured as denitrification enzyme
activity (DEA), see*"*?), and the role of biodiversity in interaction networks. The DEA assay is conducted in vitro
under optimal conditions for denitrification and uses acetylene to block the N,O to N, step in denitrification so
that N,O production can be quantified (easier than measuring fluxes of atmospherically abundant N,). The assay
conditions are not representative of real world conditions, so the obtained results provide an enzymatic proxy for
the denitrifying bacterial community of a sediment sample, rather than a direct measure of denitrification rate.
Because denitrifying bacteria can persist in the sediment for several months or years**** and quickly activate in
response to favourable conditions*’, DEA provides a useful integrative measure of the denitrification history of
the sediment.

Using data from five different estuaries spanning gradients in biotic and abiotic variables, we analysed for
thresholds in sediment mud content and assessed differences in interaction network architecture between sandy
and muddy ecosystems using SEMs to evaluate changes in ecosystem dynamics and effects on microbial nitrogen
processing (DEA). Specifically, we wanted to determine whether (and how) breakpoints in biodiversity with
increasing stressors corresponded to changes in DEA. We predicted that there would be thresholds in biodiver-
sity measures with increasing sediment mud content, and that ecosystem interaction networks associated with
DEA would differ in sandy versus muddy sediments, due to losses or changes in important network linkages
associated with increasing sedimentation stress. This study uses a large dataset encompassing broad spatial extent
with a novel analysis approach that contributes significantly to our understanding of estuarine denitrification and
highlights the importance of context specific interactions. By investigating stressor thresholds and characterising
interaction network changes across thresholds, this study provides a step towards generalising and scaling up
ecosystem functions and measures of ecosystem services, in the context of increasing stressors and potential
tipping points*. Additionally, our approach enables visualisation of how ecosystem response to changes, such as
biodiversity loss, may manifest under different stressor scenarios.

Results

Quantile regressions (90%) of biodiversity measures and sediment mud content showed positive relationships at
very low levels of mud (~4% on average), after which the relationships became negative (Fig. 1). DEA increased
with both mud and organic content, and although mud and organic content are strongly correlated (Pearson’s
R=0.69, p <0.001), the sandy (<4% mud) and muddy (>10% mud) data subsets showed overlapping values of
organic content as well as other model response variables (Figs. 2 and 3).

The conceptual basis model used for our structured equation model analyses demonstrates the high potential
for multiple direct and indirect controls on DEA, and the highly connected system that contributes to variability
in DEA (Fig. 4). Interaction networks were significantly different in sandy compared with muddy systems (Fig. 5),
and all response variable R? values decreased in the muddy model (Fig. 5). Most notable was the reduction in
significant positive network linkages (from 9 to 6) and increase in the number of significant negative network
linkages (from 1 to 3) from the sandy to muddy model (Fig. 5). Sediment organic content changed from having
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Figure 1. Bivariate scatterplots of biodiversity measures showing breakpoints in relationships with sediment
mud content from 171 data points across the five estuaries. Lines represent segmented quantile (T =10.9)
regressions with breakpoint estimates and standard errors for (a) macrofaunal abundance; 3.79 £1.02, (b)
number of taxa; 3.21 £ 1.58, and (c) number of large bivalves; 4.02 & 3.61, with overall mean of 3.6%.
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Figure 2. Bivariate scatterplots showing relationship between DEA and (a) mud content and (b) organic
content. The sandy sediment (<4% mud, n=75) data are indicated by (®) and the muddy (>10% mud, n=57)
data by (0).

a strong direct effect on DEA in the sandy model, as well as being a potentially integral driver of many ecosystem
components with indirect effects on DEA, to having only one direct (and weaker) effect on DEA in the muddy
model. Compared with the sandy model, in the muddy model there were more significant direct effects and more
indirect effects on DEA.
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Figure 3. Box plots for ecosystem components (a) mud content, (b) organic content, (¢) Chl g, (d) number of
taxa, (e) macrofaunal abundance, and (f) number of large bivalves in the sandy (<4% mud, n="75) and muddy
(>10% mud, n = 57) datasets. Boxes show 25" and 75" percentiles, whiskers the 10" and 90 percentiles and
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black dots the 5" and 95" percentiles. Solid line is median and dashed line is mean.

Models showed that in the muddier sites, mud had significant negative effects (both direct and indirect)
on biodiversity measures that were absent in the sandy sites. The positive influence of macrofaunal abundance
appeared to be slightly more important for DEA in sandier (non-significant direct effect) as opposed to muddier
sediments (weaker non-significant direct effect), indicating a reduced coupling of DEA to macrofauna (Fig. 5).
Although mud had a strong positive direct effect on DEA in the muddy model, there were at least 4 pathways
where negative effects of mud on ecosystem components (especially macrofauna) had indirect negative effects

on DEA (Fig. 5b).
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Figure 4. Conceptual basis model defining possible relationships between measured variables. Path numbers
correspond to known relationships described in Supplementary Table S2. Unidirectional arrows represent a
causative relationship whereas bidirectional arrows represent correlation.

Discussion

Our dataset was consistent with other studies demonstrating changes or breakpoints in biodiversity measures
with increasing mud content!#2%2>38, The dataset showed a high degree of variability as expected in real-world
ecological systems*~*; for example, macrofauna-sediment relationships showed factor-ceiling-like relationships
(Fig. 1). This high degree of variability can make assessing or detecting changes in important ecological relation-
ships and interactions difficult, however SEMs and interaction networks help us disentangle the relationships
present among this variability and understand the underlying ecosystem processes™. The differences in ecological
interaction networks observed for <4% and >10% mud content demonstrated how potentially important ecolog-
ical relationships can change with the muddying of intertidal estuarine habitats. Our results are consistent with
other work showing ecosystem changes associated with increases in sediment mud content including; a threshold
response at 20% mud?®, reductions in macrofaunal traits based indices above 10% mud®', and functional shifts in
the relationship between a key consumer and the abundance of microphytobenthos above and below 15% mud
content®.

Although muddy sediments are typically organic rich, sediment mud content may affect ecosystem func-
tioning, especially denitrification, in a concentration-dependent or threshold type manner due to interactions
between mud and OM and their combined effects on macrofauna. Strong correlations among these drivers of
DEA (i.e. mud and organic content) make it hard to decipher whether effects of changing sedimentary envi-
ronment are due to physical effects caused by higher proportions of finer sediments, or chemical effects such as
supply of bioavailable nitrogen and carbon from breakdown of organic matter. Muddy sediments tend to have
high organic content and therefore pore water nitrogen concentrations (from organic matter breakdown), but
slower rates of pore water advection compared with sandy sediments®. For microbial nitrogen cycling this means
that although there is higher supply of inorganic nitrogen in muddy sediments, rates of nitrogen transformation
are limited by the movement of solutes throughout the sediment, whereas in sandy sediments there is faster pore
water flow and solute transport, but rates of nitrogen processing are limited by lower solute concentrations'?. Our
models reflect this; the influence of mud versus organic content on DEA differed in our sandy (<4% mud) and
muddy (>10% mud) datasets. In sandy systems, organic content is an important driver of DEA (and other eco-
system response variables), suggesting that DEA is more limited by the quantity of inorganic nitrogen substrates.
Whereas our muddy sediment SEM suggests that DEA is more limited by the supply of resources to specific sedi-
ment horizons where they can be transformed (due to the slow speed of diffusion through the smaller pore spaces
in cohesive muddy sediments). The influence of sediment organic content on DEA is less in the muddy model,
and the effect of macrofaunal abundance on DEA remains an important linkage, despite the lower path coefficient
and much lower explained variance of macrofaunal abundance as a response variable (R*=0.21). It follows that
ecosystem components that enhance sediment mixing (i.e. bioturbation), such as macrofaunal abundance, may
become relatively more important in muddy sediments because the bioadvection of solutes facilitates the supply
of resources to DEA (and other biogeochemical processes).

Bioturbation is an important ecosystem function carried out by benthic macrofauna that is known to signifi-
cantly enhance microbial nitrogen processing'”. The effect of bioturbation on biogeochemical fluxes is enhanced
by the abundance of key species (large taxa, such as A. stutchburyi and M. liliana in the present study, that mix and
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Figure 5. Structural equation models depicting ecosystem interactions contributing to DEA in (a) sandy
(<4% mud) and (b) muddy (>10% mud) sediments. R* values are shown for each response variable and path
thickness is scaled with the path coefficient. Red paths indicate positive effects whereas black paths indicate
negative effects. Path coefficients are significant at p < 0.05 except where lines are dashed, these non-significant
paths were retained for overall model stability. Double headed arrows indicate factor covariance. Sandy model
test statistic x*=4.52, p=0.72, n="75, df =7, muddy model test statistic x*=3.36, p=0.91,n=>57, df=8.

mobilise sediments via their movements and feeding behaviours), community abundance, species richness, and
functional diversity>>*-*. These models suggest that the link between macrofaunal abundance and DEA repre-
sents a critical positive relationship (and link between other important influences on DEA including macrofaunal
diversity and microphytobenthic biomass (Chl a)), and that the strength of this link is reduced with increasing
stress (mud content) and the associated changes in the overall ecosystem interaction network.

These network models allow us to characterise how ecosystems respond to increasing stressors at a system
level by helping to identify the mechanisms behind ecosystem function response to perturbation, as well as
understand the consequences of how further anthropogenic pressure may alter the system, its interactions and
ecosystem functions”. Our interaction network analyses show how changes in an ecosystem, such as shifts in
macrofaunal community, may have effects on other parts of an ecosystem, or ecosystem functions, and that shifts
may have differing effects under different scenarios or stress regimes. For example, overharvesting of shellfish
(large bivalves) may have several indirect effects on microbial nitrogen cycling (DEA), but these effects are likely
to be more severe in ecosystems with elevated mud content. Similarly, loss of biodiversity and abundance of
macrofauna, will have differing effects on ecosystem dynamics, and therefore microbial nitrogen processing,
in estuaries that have high sedimentation levels (high mud content) than those that are sandier. This result may
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be indicative of how important ecological relationships may change with increases in other stressors, however
further analysis including measures of other stressors (e.g. nutrient enrichment) and ecosystem functions (e.g.
primary productivity) is required to test this. Comparing the two models reveals that higher mud content resulted
in a reduction in the amount of explained variability in ecosystem components (including DEA), and this can
be symptom of increased ecosystem stress®*~®!. Increased variability in ecosystems can also be indicative of an
approaching tipping point or regime shift®*-%, thus our approach could be used as an early warning indicator as
well as a tool for mitigating such changes.

It should be noted that many healthy estuaries are likely to fall within the 4-10% mud content range not
analysed in our study, and <10% mud content would ordinarily not be considered impacted by sedimentation.
We do not have a sufficient number of data points within the 4-10% mud content range to build a SEM, but we
would anticipate some differences in linkages compared with the low mud model. Sediment stability (cohesive
to non-cohesive), biogeochemical processes and macrofaunal communities and their inter-relationships change
substantially across this range of mud content*>?*% and we would expect the interaction network to reflect this
accordingly. With the data we do have between 4-10% mud content Pearson’s correlation coefficients revealed
strong positive correlations between large bivalves and DEA, and Chlorophyll a and DEA, suggesting that bio-
logical and macrofaunal ecosystem components are again key drivers of functionality. Without a larger dataset
we cannot speculate on whether key functional linkages would be lost within this range but it is worthy of further
study.

Investigating ecosystem resilience and thresholds is increasingly important in an era of unprecedented anthro-
pogenic change. Detecting and responding to major ecosystem changes before they occur is a critical challenge
for ecologists and managers of coastal ecosystems®***¢”. However, the way to quantitatively assess resilience and
detect thresholds (from a management perspective) is less clear and requires more research®. Our investigation
has demonstrated that at different levels of a stressor (sediment mud content) the architecture of ecosystem inter-
action networks changes with consequences for ecosystem function. Our structural equation model analyses sup-
port previous experimental work demonstrating the interdependence of estuary microbial nitrogen processing on
both physical (sedimentary environment) and biological (macrofaunal community and biodiversity) ecosystem
variables™'*!?, Furthermore, we show evidence for loss of resilience of microbial nitrogen cycling with increasing
sedimentation stress through changes in interaction networks, increased negative effects on potentially important
network linkages (especially biodiversity related), and increased dependence on these positive biodiversity effects.
Our models showed that the mechanisms of ecosystem components acting on DEA are different under different
levels of sedimentation stress, and therefore managing for ecosystem resilience to nutrient enrichment requires
different action in different scenarios.

This study confirms that there is high interdependence of microbial nitrogen processing on other ecosystem
components and their interactions, meaning that resilience to nutrient enrichment will be highly responsive
to ecosystem changes such as increasing sediment mud content. Interaction networks reveal that DEA is more
tightly linked, or dependent on, the macrofaunal community in muddy sediments than in sandy sediments. In
agreeance with many other studies, this means that the effects of ecological relationships, especially those involv-
ing biodiversity components, are context dependent, and more imperative to ecosystem resilience when levels
of a stressor are higher®-"!. This research is an example of using data from site-specific studies to scale up and
increase the generality and broadness of understanding of how ecological relationships and interaction networks
operate over greater environmental gradients and changes in ecosystem components. Preservation of benthic
macrofaunal community biodiversity is essential to mitigate the effects of increasing stressors on nitrogen cycling
and ecosystem resilience, and this has greater importance in ecosystems already under sedimentation stress.
Understanding these general patterns and how they change across environmental gradients, and/or with increas-
ing stressors provides a way forward for management and conservation when working with ecological datasets
that are inherently heterogeneous.

Methods

Data were compiled from two published (the un-manipulated/ambient plots in Douglas, et al.®*”%) and three
unpublished surveys’*7# carried out in five northern New Zealand estuaries with extensive intertidal areas, and
catchments with variable land use (Fig. 6, Supplementary Table S1). In total, the dataset consisted of samples
collected from 171 plots (1 m?) during austral summer months (December-March) between 2013 and 2018. The
estuaries contained overlapping gradients in abiotic (especially sediment properties) and biotic ecosystem com-
ponents allowing data to be pooled and analysed for patterns across estuaries.

Denitrification enzyme activity—the primary response variable of interest. Methods for
Denitrification Enzyme Activity (DEA) sample collection and assays are described in full in Douglas, et al.?, but
briefly, 5 replicate sediment cores (0-5cm depth, 5.3 cm dia.) were taken randomly from each plot and pooled.
Unfiltered seawater was collected from each site, and water and sediment were stored on ice for transport to the
laboratory where they were stored at 4 °C. Assays were conducted at room temperature (20 °C) within 48 h of sam-
ple collection using the chloramphenicol amended acetylene inhibition technique*"7>. Assay slurries contained
30mgL ' Cas glucose and 10 mg L' N as KNO,. Headspace gas samples (6 mL) were collected from each assay
over a 2h time course (10, 30, 60, 120 min) under anoxic conditions with constant mixing (125 rpm) after the
addition of acetylene (which blocks conversion of N,O to N,). Gas samples were analysed for N,0O concentration
using a Varian CP 3800 gas chromatograph equipped with a HayeSep D column and an electron capture detector
(ECD). DEA rates (i.e. N,O production) were expressed per unit area of sand flat (umol N m~2h~!¢),

Ecosystem properties. Paired with each DEA measurement, sediment properties and microphyto-
benthic biomass were characterised from 5 pooled surface sediment samples (2.6 cm dia., 0-2 cm depth), and
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Figure 6. Map of (a) New Zealand and (b) locations of the five estuaries from which samples were taken.

macrofaunal invertebrates >500 um longest dimension were sampled using 13 cm dia., 15 cm depth sediment
cores (n=2 per plot in Kaipara Harbour, n=1 per plot at all other sites)”®. For measurements of sediment mud
content (Mud), organic matter was first removed from samples using 10% hydrogen peroxide, then samples were
analysed using a Malvern Mastersizer 200077 to derive the proportion of mud (particle sizes <63 um). Sediment
samples were dried to a constant mass (60 °C, 48h), then organic content (OC) was determined by weight loss on
ignition (550 °C for 4h)’®. Microphytobenthic biomass (Chlorophyll a (Chla)) was determined after extraction
of pigments from freeze-dried sediments using 90% acetone, then a Turner Designs 10-AU flourometer was used
to measure fluorescence”. Preserved (50% isopropyl alcohol) macrofauna were stained with Rose Bengal and in
the laboratory, all organisms were counted and identified to the lowest possible taxonomic level (usually species).
Macrofaunal community variables (biodiversity measures) included total abundance (N), number of taxa (S),
and number of the large bivalve species Macomona liliana and Austrovenus stutchburyi (LB; considered separately
because of their substantial influence on ecosystem function on New Zealand sandflats?*2%50),

Low versus high mud datasets. Our key question was how ecological interaction networks change with
increased sediment muddiness and how this may affect DEA. This required the development of SEMs for sandy
(low mud) and muddy situations. We created two datasets (sandy and muddy), given the following constraints.
SEMs require a large number of data points, with the minimum number of data points determined by the num-
ber of nodes present in an initial conceptual basis model (see below). Any split of the data into sandy vs muddy
required at least 55 data points in each subset. Further, we endeavoured to create two data sets with an approx-
imately equal number of data points in each, as this was the most objective way to compare the significance of
paths in sandy and muddy SEMs.

Bivariate plots of biodiversity measures with sediment mud content as the predictor variable were examined
to investigate thresholds in mud content that could be indicative of changes in ecosystem interaction networks
(Fig. 1). This was done using quantile regression and breakpoint analyses using packages ‘quantreg™® and ‘seg-
mented’®*#* in R 3.5.1%4. Breakpoints in sediment mud content (the predictor variable) for each biodiversity meas-
ure (number of species, number of individuals, and number of large bivalves) were determined using breakpoint
analyses of the 90% percentile (T=0.9) quantile regression models (Fig. 2). The average breakpoint was deter-
mined to be 4% mud, which was then used to create a low mud content dataset (i.e., “sandy”, <4% mud, n=75).
A higher mud content dataset was created with values >10% mud content (i.e., “muddy”, n = 57). This value is
based on previous work showing that DEA responds negatively to stress when there is >10% mud content (but
not <10%)’?, indicating potential changes in ecosystem interaction networks associated with DEA may occur
around this point. Having disjunct datasets (i.e., <4% mud for sandy, and >10% mud for muddy) allowed us to
present coherent results for mud levels above and below the 4-10% mud range, which literature suggests may
encompass other ecologically significant thresholds***7%8>, Specifying a precise breakpoint position within this
range was not required. Given our analytical goals and constraints (e.g., minimum dataset size, relatively balanced
datasets), our approach was appropriate. Each dataset contained a minimum of four samples from each estuary,
except for Mahurangi where there were only samples with >10% mud content. This minimised any confounding
effects of ‘estuary’ on results.
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Conceptual basis for structural equation model. Structural equation models were built using the
Lavaan package® in R 3.5.1% for the two datasets. Models were developed starting with a conceptual basis model
(Fig. 4, Supplementary Table S2), and sequentially removing non-significant paths and checking modification
indices (path changed required if modification index >5). Model fit was assessed using the x* statistic and con-
sidered acceptable when p > 0.05. The conceptual basis model for the SEM was defined according to known
relationships between ecosystem components, and the influence of ecosystem variables on denitrification (Fig. 4,
Supplementary Table S2). All variables were log (Mud, OC, Chla, DEA) or square root (number of taxa, macro-
faunal abundance, large bivalves) transformed prior to building SEMs.

Data availability
All data analysed during the current study is available in this published article and its supplementary information
files.

Received: 17 June 2019; Accepted: 6 November 2019;
Published online: 26 November 2019

References

1. Galloway, J. N. et al. The nitrogen cascade. Bioscience 53, 341-356, https://doi.org/10.1641/0006-3568 (2003).

2. Nixon, S. Enriching the Sea to Death. Scientific American 9, 48-53 (1998).

3. Thrush, S. E. et al. Muddy waters: Elevating sediment input to coastal and estuarine habitats. Frontiers in Ecology and the Environment
2,299-306, https://doi.org/10.2307/3868405 (2004).

4. Airoldi, L. The effects of sedimentation on rocky coast assemblages. Oceanography and Marine Biology - An Annual Review 41,
161-236 (2003).

5. Braeckman, U. et al. Variable importance of macrofaunal functional biodiversity for biogeochemical cycling in temperate coastal
sediments. Ecosystems 17, 720-737, https://doi.org/10.1007/s10021-014-9755-7 (2014).

6. Rosenzweig, B. R. et al. Nitrogen regulation by natural systems in “unnatural” landscapes: denitrification in ultra-urban coastal
ecosystems. Ecosystem Health and Sustainability 4, 205-224, https://doi.org/10.1080/20964129.2018.1527188 (2018).

7. Barnes, J. & Owens, N. J. P. Denitrification and nitrous oxide concentrations in the Humber Estuary, UK, and adjacent coastal zones.
Marine Pollution Bulletin 37, 247-260 (1998).

8. Yoon, W. B. & Benner, R. Denitrification and oxygen consumption in sediments of two south Texas estuaries. Marine Ecology
Progress Series 90, 157-167 (1992).

9. Cornwell, J. C., Kemp, W. M. & Kana, T. M. Denitrification in coastal ecosystems: methods, environmental controls, and ecosystem
level controls, a review. Aquatic Ecology 33, 41-54, https://doi.org/10.1023/A:1009921414151 (1999).

10. Pifia-Ochoa, E. & Alvarez-Cobelas, M. Denitrification in aquatic environments: a cross-system analysis. Biogeochemistry 81,
111-130, https://doi.org/10.2307/20456415 (2006).

11. Kessler, A. J. et al. Quantifying denitrification in rippled permeable sands through combined flume experiments and modeling.
Limnology and Oceanography 57, 1217-1232, https://doi.org/10.4319/10.2012.57.4.1217 (2012).

12. Huettel, M., Berg, P. & Kostka, J. E. Benthic exchange and biogeochemical cycling in permeable sediments. Annual Review of Marine
Science 6, 23-51, https://doi.org/10.1146/annurev-marine-051413-012706 (2014).

13. Blackburn, T. H. & Henriksen, K. Nitrogen cycling in different types of sediments from Danish waters. Limnology and Oceanography
28, 477-493, https://doi.org/10.4319/10.1983.28.3.0477 (1983).

14. Pelegri, S. P, Nielsen, L. P. & Blackburn, T. H. Denitrification in estuarine sediment stimulated by the irrigation activity of the
amphipod Corophium volutator. Marine Ecology Progress Series 105, 285-290, https://doi.org/10.3354/meps105285 (1994).

15. Kristensen, E., Jensen, M. H. & Aller, R. C. Direct measurement of dissolved inorganic nitrogen exchange and denitrification in
individual polychaete (Nereis-virens) burrows. Journal of Marine Research 49, 355-377, https://doi.org/10.1357/002224091784995855
(1991).

16. Gilbert, E, Hulth, S., Grossi, V. & Aller, R. C. Redox oscillation and benthic nitrogen mineralization within burrowed sediments: An
experimental simulation at low frequency. Journal of Experimental Marine Biology and Ecology 482, 75-84, https://doi.org/10.1016/j.
jembe.2016.05.003 (2016).

17. Aller, R. C. In Nitrogen Cycling in Coastal Marine Environments (eds Blackburn, T. H. & Sorensen, J.) Ch. 13, 301-338 (John Wiley
& Sons, 1988).

18. Needham, H. R, Pilditch, C. A., Lohrer, A. M. & Thrush, S. F. Context-specific bioturbation mediates changes to ecosystem
functioning. Ecosystems 14, 10961109, https://doi.org/10.1007/s10021-011-9468-0 (2011).

19. Gladstone-Gallagher, R. V., Needham, H. R,, Lohrer, A. M., Lundquist, C. J. & Pilditch, C. A. Site-dependent effects of bioturbator-
detritus interactions alter soft-sediment ecosystem function. Marine Ecology Progress Series 569, 145-161, https://doi.org/10.3354/
meps12086 (2017).

20. Jesus, B. et al. Adaptations of microphytobenthos assemblages to sediment type and tidal position. Continental Shelf Research 29,
1624-1634, https://doi.org/10.1016/.csr.2009.05.006 (2009).

21. Maclntyre, H. L., Geider, R. J. & Miller, D. C. Microphytobenthos: The ecological role of the “secret garden” of unvegetated, shallow-
water marine habitats.1. Distribution, abundance and primary production. Estuaries 19, 186-201, https://doi.org/10.2307/1352224
(1996).

22. Inman, D. L. & Jenkins, S. A., Climate change. and the episodicity of sediment flux of small california rivers. The Journal of Geology
107, 251-270, https://doi.org/10.1086/314346 (1999).

23. Burkett, V. et al. In Climate Change 2001: Impacts, Adaptation, and Vulnerability (eds McCarthy, J. J. et al.) (Cambridge University
Press, 2001).

24. Thrush, S. E, Hewitt, J. E., Norkko, A., Cummings, V. J. & Funnell, G. A. Macrobenthic recovery processes following catastrophic
sedimentation on estuarine sandflats. Ecological Applications 13, 1433-1455, https://doi.org/10.1890/02-5198 (2003).

25. Thrush, S. F. et al. Habitat change in estuaries: Predicting broad-scale responses of intertidal macrofauna to sediment mud content.
Marine Ecology Progress Series 263, 101-112, https://doi.org/10.3354/meps263101 (2003).

26. Jones, H. F. E., Pilditch, C. A., Bruesewitz, D. A. & Lohrer, A. M. Sedimentary environment influences the effect of an infaunal
suspension feeding bivalve on estuarine ecosystem function. PLoS Orne 6, €27065, https://doi.org/10.1371/journal.pone.0027065 (2011).

27. Pratt, D. R, Pilditch, C. A, Lohrer, A. M., Thrush, S. F. & Kraan, C. Spatial distributions of grazing activity and microphytobenthos
reveal scale-dependent relationships across a sedimentary gradient. Estuaries and Coasts 38, 722734, https://doi.org/10.1007/
§12237-014-9857-7 (2015).

28. Thrush, S. F, Hewitt, J. E. & Lohrer, A. M. Interaction networks in coastal soft-sediments highlight the potential for change in
ecological resilience. Ecological Applications 22, 1213-1223 (2012).

SCIENTIFIC REPORTS |

(2019) 9:17567 | https://doi.org/10.1038/s41598-019-54192-0


https://doi.org/10.1038/s41598-019-54192-0
https://doi.org/10.1641/0006-3568
https://doi.org/10.2307/3868405
https://doi.org/10.1007/s10021-014-9755-7
https://doi.org/10.1080/20964129.2018.1527188
https://doi.org/10.1023/A:1009921414151
https://doi.org/10.2307/20456415
https://doi.org/10.4319/lo.2012.57.4.1217
https://doi.org/10.1146/annurev-marine-051413-012706
https://doi.org/10.4319/lo.1983.28.3.0477
https://doi.org/10.3354/meps105285
https://doi.org/10.1357/002224091784995855
https://doi.org/10.1016/j.jembe.2016.05.003
https://doi.org/10.1016/j.jembe.2016.05.003
https://doi.org/10.1007/s10021-011-9468-0
https://doi.org/10.3354/meps12086
https://doi.org/10.3354/meps12086
https://doi.org/10.1016/j.csr.2009.05.006
https://doi.org/10.2307/1352224
https://doi.org/10.1086/314346
https://doi.org/10.1890/02-5198
https://doi.org/10.3354/meps263101
https://doi.org/10.1371/journal.pone.0027065
https://doi.org/10.1007/s12237-014-9857-7
https://doi.org/10.1007/s12237-014-9857-7

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Pratt, D. R., Lohrer, A. M., Pilditch, C. A. & Thrush, S. E. Changes in ecosystem function across sedimentary gradients in estuaries.
Ecosystems 17, 182-194, https://doi.org/10.1007/s10021-013-9716-6 (2013).

Oliver, T. H. et al. Biodiversity and Resilience of Ecosystem Functions. Trends in Ecology & Evolution 30, 673-684, https://doi.
org/10.1016/j.tree.2015.08.009 (2015).

Sasaki, T., Furukawa, T., Iwasaki, Y., Seto, M. & Mori, A. S. Perspectives for ecosystem management based on ecosystem resilience
and ecological thresholds against multiple and stochastic disturbances. Ecological Indicators 57, 395-408, https://doi.org/10.1016/j.
ecolind.2015.05.019 (2015).

Grace, J. B., Anderson, T. M., OIff, H. & Scheiner, S. M. On the specification of structural equation models for ecological systems.
Ecological Monographs 80, 67-87 (2010).

Fan, Y. et al. Applications of structural equation modeling (SEM) in ecological studies: an updated review. Ecol Process 5, 19, https://
doi.org/10.1186/s13717-016-0063-3 (2016).

Stenegren, M. et al. Piecewise structural equation model (SEM) disentangles the environmental conditions favoring diatom
diazotroph associations (DDAs) in the western tropical north atlantic (WTNA). Frontiers in Microbiology 8, https://doi.org/10.3389/
fmicb.2017.00810 (2017).

Lefcheck, J. S. & Dufty, J. E. Multitrophic functional diversity predicts ecosystem functioning in experimental assemblages of
estuarine consumers. Ecology 96, 2973-2983, https://doi.org/10.1890/14-1977.1 (2015).

Dufty, J. E. et al. Biodiversity mediates top—-down control in eelgrass ecosystems: a global comparative-experimental approach.
Ecology Letters 18, 696705, https://doi.org/10.1111/ele.12448 (2015).

Jing, X. et al. The links between ecosystem multifunctionality and above- and belowground biodiversity are mediated by climate.
Nature Communications 6, 8159, https://doi.org/10.1038/ncomms9159 (2015).

Thrush, S. et al. Experimenting with ecosystem interaction networks in search of threshold potentials in real world marine
ecosystems. Ecology 95, 1451-1457 (2014).

Arhonditsis, G. B. et al. Exploring ecological patterns with structural equation modeling and Bayesian analysis. Ecological Modelling
192, 385-409, https://doi.org/10.1016/j.ecolmodel.2005.07.028 (2006).

Thrush, S. E. et al. The generality of field experiments: Interactions between local and broad-scale processes. Ecology 81, 399-415,
https://doi.org/10.1890/0012-9658(2000)081[0399:tgofei]2.0.co;2 (2000).

Groffman, P. M. et al. Methods for measuring denitrification: Diverse approaches to a difficult problem. Ecological Applications 16,
2091-2122, https://doi.org/10.2307/40061945 (2006).

Groffman, P. M., Holland, E. A., Myrold, D. D., Robertson, G. P. & Zou, X. In Standard soil methods for long term ecological research
(eds Robertson, G. P, Bledsoe, C. S., Coleman, D. C. & Sollins, P.) 272-288 (Oxford University Press, 1999).

Martin, K., Parsons, L. L., Murray, R. E. & Smith, M. S. Dynamics of soil denitrifier populations: Relationships between enzyme
activity, most-probable-number counts, and actual N gas loss. Applied and Environmental Microbiology 54, 2711-2716 (1988).
Smith, M. S. & Parsons, L. L. Persistence of denitrifying enzyme activity in dried soils. Applied and Environmental Microbiology 49,
316-320 (1985).

Kana, T. M., Sullivan, M. B., Cornwell, ]. C. & Groszkowski, K. M. Denitrification in estuarine sediments determined by membrane
inlet mass spectrometry. Limnology and Oceanography 43, 334-339, https://doi.org/10.4319/10.1998.43.2.0334 (1998).

Thrush, S. F. et al. Scaling-up from experiments to complex ecological systems: Where to next? Journal of Experimental Marine
Biology and Ecology 216, 243-254, https://doi.org/10.1016/50022-0981(97)00099-3 (1997).

Thrush, S. & Lohrer, A. In Marine biodiversity and ecosystem functioning: frameworks, methodologies, and integration. (eds Solan, M.,
Aspden, R. J. & Paterson, D. M) 200-214 (Oxford University Press, 2012).

Snelgrove, P. V. R, Thrush, S. E, Wall, D. H. & Norkko, A. Real world biodiversity—ecosystem functioning: a seafloor perspective.
Trends in Ecology & Evolution 29, 398-405, https://doi.org/10.1016/j.tree.2014.05.002 (2014).

Lohrer, A. M., Thrush, S. E, Hewitt, J. E. & Kraan, C. The up-scaling of ecosystem functions in a heterogeneous world. Scientific
Reports 5, 10349, https://doi.org/10.1038/srep10349 (2015).

Grace, J. B. et al. Integrative modelling reveals mechanisms linking productivity and plant species richness. Nature 529, 390, https://
doi.org/10.1038/nature16524 (2016).

Rodil, I. F. et al. Tracking environmental stress gradients using three biotic integrity indices: Advantages of a locally-developed
traits-based approach. Ecological Indicators 34, 560-570, https://doi.org/10.1016/j.ecolind.2013.06.023 (2013).
Mermillod-Blondin, F. & Rosenberg, R. Ecosystem engineering: the impact of bioturbation on biogeochemical processes in marine
and freshwater benthic habitats. Aquat Sci 68, 434-442, https://doi.org/10.1007/s00027-006-0858-x (2006).

Braeckman, U. et al. Role of macrofauna functional traits and density in biogeochemical fluxes and bioturbation. Marine Ecology
Progress Series 399, 173-186, https://doi.org/10.3354/meps08336 (2010).

Henriksen, K., Rasmussen, M. B. & Jensen, A. Effect of bioturbation on microbial nitrogen transformations in the sediment and
fluxes of ammonium and nitrate to the overlaying water. Ecological Bulletins, 193205, https://doi.org/10.2307/20112854 (1983).
Laverock, B., Gilbert, J. A., Tait, K., Osborn, A. M. & Widdicombe, S. Bioturbation: impact on the marine nitrogen cycle. Biochemical
Society Transactions 39, 315-320, https://doi.org/10.1042/bst0390315 (2011).

Yazdani Foshtomi, M. et al. The link between microbial diversity and nitrogen cycling in marine sediments is modulated by
macrofaunal bioturbation. PLoS One 10, 0130116, https://doi.org/10.1371/journal.pone.0130116 (2015).

Tomimatsu, H. et al. FORUM: Sustaining ecosystem functions in a changing world: a call for an integrated approach. Journal of
Applied Ecology 50, 1124-1130, https://doi.org/10.1111/1365-2664.12116 (2013).

O’Meara, T. A., Hillman, J. R. & Thrush, S. F. Rising tides, cumulative impacts and cascading changes to estuarine ecosystem
functions. Scientific Reports 7, 10218, https://doi.org/10.1038/s41598-017-11058-7 (2017).

Warwick, R. M. & Clarke, K. R. Increased variability as a symptom of stress in marine communities. Journal of Experimental Marine
Biology and Ecology 172, 215-226, https://doi.org/10.1016/0022-0981(93)90098-9 (1993).

Hewitt, J. E. & Thrush, S. E Do species’ abundances become more spatially variable with stress? The Open Ecology Journal 2, 37-46,
https://doi.org/10.2174/1874213000902010037 (2009).

Lohrer, A. M., Townsend, M., Rodil, I. E, Hewitt, ]. E. & Thrush, S. E. Detecting shifts in ecosystem functioning: The decoupling of
fundamental relationships with increased pollutant stress on sandflats. Marine Pollution Bulletin 64, 2761-2769, https://doi.
org/10.1016/j.marpolbul.2012.09.012 (2012).

Carpenter, S. R. & Brock, W. A. Rising variance: a leading indicator of ecological transition. Ecology Letters 9, 311-318, https://doi.
org/10.1111/j.1461-0248.2005.00877.x (2006).

Hewitt, J. E. & Thrush, S. F. Empirical evidence of an approaching alternate state produced by intrinsic community dynamics,
climatic variability and management actions. Marine Ecology Progress Series 413, 267-276, https://doi.org/10.3354/meps08626
(2010).

Scheffer, M. et al. Early-warning signals for critical transitions. Nature 461, 53, https://doi.org/10.1038/nature08227 (2009).
Bartzke, G., Bryan, K. R,, Pilditch, C. A. & Huhn, K. On the stabilizing influence of silt on sand beds. Journal of Sedimentary Research
83, 691-703, https://doi.org/10.2110/jsr.2013.57 (2013).

Thrush, S. E. et al. Forecasting the limits of resilience: Integrating empirical research with theory. Proceedings of the Royal Society
B-Biological Sciences 276, 3209-3217, https://doi.org/10.1098/rspb.2009.0661 (2009).

Scheffer, M., Carpenter, S., Foley, J. A., Folke, C. & Walker, B. Catastrophic shifts in ecosystems. Nature 413, 591-596, https://doi.
org/10.1038/35098000 (2001).

SCIENTIFIC REPORTS |

(2019) 9:17567 | https://doi.org/10.1038/s41598-019-54192-0


https://doi.org/10.1038/s41598-019-54192-0
https://doi.org/10.1007/s10021-013-9716-6
https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1016/j.ecolind.2015.05.019
https://doi.org/10.1016/j.ecolind.2015.05.019
https://doi.org/10.1186/s13717-016-0063-3
https://doi.org/10.1186/s13717-016-0063-3
https://doi.org/10.3389/fmicb.2017.00810
https://doi.org/10.3389/fmicb.2017.00810
https://doi.org/10.1890/14-1977.1
https://doi.org/10.1111/ele.12448
https://doi.org/10.1038/ncomms9159
https://doi.org/10.1016/j.ecolmodel.2005.07.028
https://doi.org/10.1890/0012-9658(2000)081[0399:tgofei]2.0.co;2
https://doi.org/10.2307/40061945
https://doi.org/10.4319/lo.1998.43.2.0334
https://doi.org/10.1016/s0022-0981(97)00099-3
https://doi.org/10.1016/j.tree.2014.05.002
https://doi.org/10.1038/srep10349
https://doi.org/10.1038/nature16524
https://doi.org/10.1038/nature16524
https://doi.org/10.1016/j.ecolind.2013.06.023
https://doi.org/10.1007/s00027-006-0858-x
https://doi.org/10.3354/meps08336
https://doi.org/10.2307/20112854
https://doi.org/10.1042/bst0390315
https://doi.org/10.1371/journal.pone.0130116
https://doi.org/10.1111/1365-2664.12116
https://doi.org/10.1038/s41598-017-11058-7
https://doi.org/10.1016/0022-0981(93)90098-9
https://doi.org/10.2174/1874213000902010037
https://doi.org/10.1016/j.marpolbul.2012.09.012
https://doi.org/10.1016/j.marpolbul.2012.09.012
https://doi.org/10.1111/j.1461-0248.2005.00877.x
https://doi.org/10.1111/j.1461-0248.2005.00877.x
https://doi.org/10.3354/meps08626
https://doi.org/10.1038/nature08227
https://doi.org/10.2110/jsr.2013.57
https://doi.org/10.1098/rspb.2009.0661
https://doi.org/10.1038/35098000
https://doi.org/10.1038/35098000

www.nature.com/scientificreports/

68. Baho, D. L. et al. A quantitative framework for assessing ecological resilience. Ecology and Society 22, 14, https://doi.org/10.5751/
es-09427-220317 (2017).

69. Douglas, E. . et al. Macrofaunal functional diversity provides resilience to nutrient enrichment in coastal sediments. Ecosystems 20,
1324-1336, https://doi.org/10.1007/s10021-017-0113-4 (2017).

70. Baert, J. M., Eisenhauer, N., Janssen, C. R. & De Laender, E. Biodiversity effects on ecosystem functioning respond unimodally to
environmental stress. Ecology Letters 21, 1191-1199, https://doi.org/10.1111/ele.13088 (2018).

71. Steudel, B. et al. Biodiversity effects on ecosystem functioning change along environmental stress gradients. Ecology Letters 15,
1397-1405, https://doi.org/10.1111/j.1461-0248.2012.01863.x (2012).

72. Douglas, E. J. et al. Sedimentary environment influences ecosystem response to nutrient enrichment. Estuaries and Coasts 41,
1994-2008, https://doi.org/10.1007/s12237-018-0416-5 (2018).

73. Lohrer, A., Stephenson, F, Douglas, E. J. & Townsend, M. Mapping the estuarine ecosystem service of pollutant removal using
empirically validated boosted regression tree models. Ecological Applications (In review).

74. O’Meara, T., Thrush, S., Hewitt, J., Douglas, E. J. & Lohrer, A. Denitrification and the role of macrofauna along a head-to-mouth
estuarine gradient. Estuaries and Coasts (In review).

75. Tiedje, J. M., Simkins, S. & Groftman, P. M. Perspectives on measurement of denitrification in the field including recommended
protocols for acetylene based methods. Plant and Soil 115, 261-284, https://doi.org/10.1007/bf02202594 (1989).

76. Douglas, E. ], Pilditch, C. A., Hines, L. V., Kraan, C. & Thrush, S. E In situ soft sediment nutrient enrichment: A unified approach to
eutrophication field experiments. Marine Pollution Bulletin 111, 287-294, https://doi.org/10.1016/j.marpolbul.2016.06.096 (2016).

77. Singer, J. K. et al. An assessment of analytical techniques for the size analysis of fine-grained sediments. Journal of Sedimentary
Research 58, 534-543, https://doi.org/10.1306/212{8de6-2b24-11d7-8648000102c1865d (1988).

78. Parker, J. G. A comparison of methods used for the measurement of organic matter in marine sediment. Chemistry and Ecology 1,
201-209, https://doi.org/10.1080/02757548308070802 (1983).

79. Arar, E. & Collins, G. In vitro determination of chlorophyll a and pheophytin a in marine and freshwater algae by fluorescence.
(National Exposure Research Laboratory, U.S. Environmental Protection Agency, Cincinnati, 1997).

80. Sandwell, D. R,, Pilditch, C. A. & Lohrer, A. M. Density dependent effects of an infaunal suspension-feeding bivalve (Austrovenus
stutchburyi) on sandflat nutrient fluxes and microphytobenthic productivity. Journal of Experimental Marine Biology and Ecology
373, 16-25, https://doi.org/10.1016/j.jembe.2009.02.015 (2009).

81. quantreg: Quantile Regression. v. R package version 5.36 (https://CRAN.R-project.org/package=quantreg, 2018).

82. Muggeo, V. M. R. Estimating regression models with unknown break-points. Statistics in Medicine 22, 3055-3071, https://doi.
org/10.1002/sim.1545 (2003).

83. Muggeo, V. Segmented: an R Package to Fit Regression Models with Broken-Line Relationships. R News 8, 20-25 https://cran.r-
project.org/doc/Rnews/ (2008).

84. R: A language and environment for statistical computing. (R Foundation for Statistical Computing, Vienna, Austria. https://www.R-
project.org/. 2018).

85. Anderson, M. J. Animal-sediment relationships revisited: Characterising species” distributions along an environmental gradient
using canonical analysis and quantile regression splines. Journal of Experimental Marine Biology and Ecology 366, 16-27 (2008).

86. Rosseel, Y. lavaan: An R package for structural equation modeling. Journal of Statistical Software 48, 1-36. http://www.jstatsoft.org/
v48/i02/, 10.18637/js5.v048.i02 (2012).

Acknowledgements

We thank Professors Judi Hewitt and Simon Thrush for advice regarding statistical analyses and research
direction. Thanks to the many people who helped with field sampling and laboratory work especially Rebecca
Gladstone-Gallagher, Dudley Bell, Sarah Hailes, Barry Greenfield, Mike Townsend, and Janine Ryburn. This work
was supported by a University of Waikato Doctoral Scholarship, and a Postdoctoral fellowship from the George
Mason Centre for the Natural Environment, University of Auckland to EJD, and funding from the Sustainable
Seas National Science Challenge (New Zealand Ministry of Business Innovation and Employment Contract No.
C01X1515; Project 2.1.3).

Author contributions
E.].D. compiled the data and performed statistical analyses with advice from C.A.P. and A.M.L,, E.].D. wrote the
paper with editing from C.A.P. and A.M.L.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54192-0.

Correspondence and requests for materials should be addressed to E.J.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:17567 | https://doi.org/10.1038/s41598-019-54192-0


https://doi.org/10.1038/s41598-019-54192-0
https://doi.org/10.5751/es-09427-220317
https://doi.org/10.5751/es-09427-220317
https://doi.org/10.1007/s10021-017-0113-4
https://doi.org/10.1111/ele.13088
https://doi.org/10.1111/j.1461-0248.2012.01863.x
https://doi.org/10.1007/s12237-018-0416-5
https://doi.org/10.1007/bf02202594
https://doi.org/10.1016/j.marpolbul.2016.06.096
https://doi.org/10.1306/212f8de6-2b24-11d7-8648000102c1865d
https://doi.org/10.1080/02757548308070802
https://doi.org/10.1016/j.jembe.2009.02.015
https://CRAN.R-project.org/package=quantreg
https://doi.org/10.1002/sim.1545
https://doi.org/10.1002/sim.1545
https://cran.r-project.org/doc/Rnews/
https://cran.r-project.org/doc/Rnews/
http://www.jstatsoft.org/v48/i02/
http://www.jstatsoft.org/v48/i02/
https://doi.org/10.1038/s41598-019-54192-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biodiversity breakpoints along stress gradients in estuaries and associated shifts in ecosystem interactions

	Results

	Discussion

	Methods

	Denitrification enzyme activity—the primary response variable of interest. 
	Ecosystem properties. 
	Low versus high mud datasets. 
	Conceptual basis for structural equation model. 

	Acknowledgements

	Figure 1 Bivariate scatterplots of biodiversity measures showing breakpoints in relationships with sediment mud content from 171 data points across the five estuaries.
	Figure 2 Bivariate scatterplots showing relationship between DEA and (a) mud content and (b) organic content.
	Figure 3 Box plots for ecosystem components (a) mud content, (b) organic content, (c) Chl a, (d) number of taxa, (e) macrofaunal abundance, and (f) number of large bivalves in the sandy (<4% mud, n = 75) and muddy (>10% mud, n = 57) datasets.
	Figure 4 Conceptual basis model defining possible relationships between measured variables.
	Figure 5 Structural equation models depicting ecosystem interactions contributing to DEA in (a) sandy (<4% mud) and (b) muddy (>10% mud) sediments.
	Figure 6 Map of (a) New Zealand and (b) locations of the five estuaries from which samples were taken.




