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RESEARCH ARTICLE

New Zealand estuary benthic health indicators summarised
nationally and by estuary type
Anna Berthelsena, Javier Atalaha, Dana Clarka, Eric Goodwina, Jim Sinnera and
Murray Pattersonb

aCawthron Institute, Coastal and Freshwater Group, Nelson, New Zealand; bSchool of People, Environment
and Planning, Massey University, Palmerston North, New Zealand

ABSTRACT
Ecological data are often collected at small geographic scales.
However, analysing data collectively over wider scales can reveal
results and patterns not shown in the smaller-scale data. We
summarised data for intertidal benthic ecological (physico-
chemical and biological) health indicators from New Zealand
estuaries and compared the results against thresholds above
which ecological impacts are expected to occur. Values for the
sediment physico-chemical indicators mud and nutrients (nitrogen
and phosphorus collectively) were above thresholds for at least
50% and at 31% of sites measured respectively. Sediment organic
content and metal concentrations were generally low, with only
maximum values exceeding the thresholds. Scores for biological
indicators were within (or better than) the moderate health
category for either at least 50%, or at least 75%, of sites. When
compared across estuary types (based on a geomorphic
classification system) we found statistically significant differences
for thirteen of the sixteen indicators. Differences (among mean
values) for highly significant results were relatively large
compared to the range of values observed nationally for those
indicators. However, the differences, except those for mud, were
smaller than their respective ecological health threshold values.
Our summary provides a reference for future comparisons of
estuary indicators nationally and across estuary types.
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Introduction

Estuaries connect terrestrial, freshwater and marine environments and perform essential
ecological functions (Levin et al. 2001). They also deliver valuable ecosystem services
(Costanza et al. 1997) and are the focus of intense human activity (Ewel et al. 2001;
Edgar and Barrett 2002). Growing human populations and intensifying land-use practices
are increasing negative stresses on estuaries and compromising their environmental health
(Lotze et al. 2006; Ellis et al. 2015).

Ecological indicators provide information about the health of ecosystems (Cairns et al.
1993). Indicators associated with benthic sediments are commonly used for monitoring in
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estuaries as these habitats are functionally important (Borja et al. 2015), can act as sinks for
contaminants (Kennish 1997), and are relatively stable over time (i.e. less variable than the
overlying water column) (Salas et al. 2006). The dynamics of sediment habitats can also be
closely related to processes happening in the overlying water (Magni 2003). For example,
sediment physico-chemical variables and the composition and condition of sediment-
dwelling macroinvertebrate communities have been quantitatively linked to seawater vari-
ables such as dissolved oxygen and those associated with eutrophication (Dauer et al. 2000;
Eyre and Ferguson 2006; Dimitriou et al. 2015). A combination of indicators is often used
to assess estuary benthic health (Borja et al. 2008; O’Brien et al. 2016). Biotic indices
measure the response of macrofaunal communities to environmental change (Weisberg
et al. 1997; Borja et al. 2000). Physico-chemical variables, often those influenced by
human activities, are also commonly used as benthic health indicators (Birch and
Olmos 2008; Van Niekerk et al. 2013).

The monitoring and reporting of estuary environmental condition is considered essen-
tial for managing these ecosystems (Hallett et al. 2016). Effective monitoring can help
prioritise and evaluate environmental policy, as well as advance environmental knowledge
(Lovett et al. 2007). Environmental data are commonly reported at small (e.g. sub-national
or local) geographic scales (Lovett et al. 2007), with wider-scale reporting (e.g. national)
often impeded by inconsistencies between local datasets (GAO 2002; Hughes and Peck
2008; Ellingsen et al. 2017). However, assessing and reporting environmental health
data collectively (e.g. Heinz Center 2002; Kristensen et al. 2013) enables results and pat-
terns from smaller scale data to be placed within a larger (e.g. national or international)
context (Magni 2003; Van Niekerk et al. 2013; Schiff et al. 2016).

Estuaries vary in their physical properties (i.e. exhibit abiotic variation) and can be
classified into types accordingly (Engle and Summers 1999; Bald et al. 2005; Hume
et al. 2007). These abiotic differences can help explain estuarine processes and patterns
at large scales (Hume et al. 2007). For example, biological characteristics of estuaries,
such as the composition of animal and plant communities, can be associated with estu-
arine hydrological and morphological characteristics (Saintilan 2004; Galván et al.
2010; Lucena-Moya and Duggan 2017). Being able to compare data across estuary
types is one benefit of wider scale reporting, and differences in benthic ecological
health indicators have been observed across estuary types (Edgar et al. 1999;
Muxika et al. 2007; Barbone et al. 2012). Identifying natural differences across
estuary types may be important for setting management targets, while knowledge of
differences caused by human impacts can also guide estuary management decisions.
A first step for identifying ecological differences across estuary types can be to
explore these differences irrespective of whether those that are natural or anthropo-
genic in origin are quantified separately.

New Zealand sits within the biogeographic realm of temperate Australasia (Spalding
et al. 2007). It contains approximately 440 estuaries that, due to the country’s diverse
oceanography, climate, landforms and geology, belong to a variety of estuary types
(Hume and Herdendorf 1988; Hume et al. 2007). Threats identified for New Zealand’s
coastal environment include sedimentation, excess nutrients, organic enrichment and
metal contamination (MFE & StatsNZ 2016; Robertson et al. 2016), all of which occur
naturally but are exacerbated by human pressures. Although intertidal benthic ecological
(physico-chemical and biological) health indicator data have been collected in estuaries
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throughout New Zealand, they have generally not been summarised and reported on a
scale that enables national comparison (although see MFE & StatsNZ (2016)). They
have also not been comprehensively compared across New Zealand’s estuary types (for
smaller scale studies see Thrush et al. 2003; Ellis et al. 2006; de Juan et al. 2013; Berthelsen,
Atalah, et al. 2018).

To enable national comparisons of estuary health, we used data collected from fourteen
New Zealand regions to summarise intertidal benthic ecological (physico-chemical and
biological) health indicators nationally, as well as compare them against thresholds
above which ecological impacts are expected to occur. In addition, we compared
benthic indicators across estuary types grouped using a geomorphic classification system.

Methods

Data

Benthic macrofauna and matching sediment physico-chemical health indicator data were
collected from intertidal estuary sites by fourteen of New Zealand’s local government
authorities; we combined these with data from other research programmes. Survey
dates ranged from 2001 to 2017, generally between September and May. Sixty estuaries
(14% of New Zealand’s estuaries) containing 347 sites were represented in the data
(Figure 1). The number of sites per estuary (range 1–50), the number and type of indi-
cators surveyed per site and the survey years, depended on estuary size and/or the regional
or research sampling regime. Sites were located on unvegetated soft sediments at mid-low
tidal height and generally away from the direct influence of point source discharges.
Surveys were conducted as per a standardised protocol (Robertson et al. 2002) with
some minor variations (e.g. site size, number of replicates collected). Sample collection
methods are described in Berthelsen, Clark, et al. (2018).

Estuary classification

We assigned an estuary type to each site using a geomorphic classification system (Hume
et al. 2016a, which built on earlier studies such as Hume et al. 2007). More specifically, this
system discriminates estuaries by their ‘landscape and waterscape characteristics, such as
geology, geomorphology and hydrodynamic characteristics arising from river and oceanic
forcing and basin morphometry’ (Hume et al. 2016a). Estuaries in this study were assigned
to the following geomorphic classes (GCs): waituna-type lagoon (GC2), tidal river mouth
(GC6 subclasses a, b and c combined), tidal lagoon (GC7 subclass a), shallow drowned
valley (GC8), deep drowned valley (GC9) and coastal embayment (GC11). Larger estuaries
can contain a variety of estuary types within them. We assigned geomorphic classes based
on information in the New Zealand Coastal Hydrosystems database (Hume et al. 2016b).

Indicators

The ten benthic physico-chemical health indicators in our study related to grain size, and
nutrient and metal concentrations, of benthic sediments (Table 1). Mud was the most
commonly sampled physico-chemical indicator (338 sites), and total organic carbon
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Figure 1. The location of New Zealand estuaries (and sites) from where intertidal benthic ecological
(physico-chemical and biological) health indicator data in this study were obtained.
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(TOC) the least sampled (81 sites). There were inconsistencies in some analytical methods
across the many surveys and laboratories used (Hewitt et al. 2014; Berthelsen, Clark, et al.
2018). Two main methods were used to analyse sediment grain size: wet sieving (majority
of data for all estuary types except GC9) and laser diffraction. We standardised grain size
(as a percentage of particles < 2 mm). We compared the indictor mud overall (all data
combined) across estuary types, however, since the grain size analysis methods can
yield different results (Hunt and Jones 2018) we also performed separate comparisons
for each analysis method. Most nitrogen data were analysed as total nitrogen (TN)
(93%), with the small proportion of data analysed as Total Kjeldahl Nitrogen (hereafter
also referred to as TN) spread across all estuary types in our comparative analyses. The
analytical detection limit (ADL) was unknown for some data. We therefore designated
this based on the highest known ADL for each indicator and assigned all averaged
physico-chemical indicator values below their designated ADL a value that was half
that of the ADL. The ADL applied to the TN data (500 mg/kg) was relatively high in
relation to known ecological thresholds as well as to TN levels present at most sites in
our data.

The biological health indicators comprised four biotic indices recently identified as
potential candidates for nationwide monitoring in New Zealand estuaries (Berthelsen,
Atalah, et al. 2018; Clark et al. in prep): the richness-integrated AZTI marine biotic

Table 1. Summary of intertidal benthic ecological (physico-chemical and biological) health indicators
for soft sediments in New Zealand estuaries (data averaged per site and collected between 2001 and
2017).
Indicator Minimum q25 Median q75 Maximum Mean SD n

Physico-chemical
Mud (% grain size < 63 µm out of <
2 mm)

0.0 4.4 12.4 27.9 99.9 21.6 24.3 338

Total organic carbon (TOC, %) 0.0 0.2 0.4 0.6 3.4 0.6 0.7 81
Total nitrogen (TN, mg/kg)
ADL = 500

250.0 250.0 250.0 746.5 3700.0 602.6 569.5 205

Total phosphorus (TP, mg/kg)
ADL = 40

53.0 220.0 349.8 520.8 1413.3 393.4 228.0 192

Cadmium (Cd, mg/kg)
ADL = 0.1

0.05 0.05 0.05 0.05 1.00 0.06 0.09 177

Chromium (Cr, mg/kg)
ADL = 2

2.3 7.0 11.5 20.3 104.3 16.8 15.2 177

Copper (Cu, mg/kg)
ADL = 2

1.0 1.0 4.7 8.3 38.0 6.1 6.1 237

Nickel (Ni, mg/kg)
ADL = 2

1.0 4.4 7.1 11.6 95.3 11.6 15.5 177

Lead (Pb, mg/kg)
ADL = 1

0.5 2.3 4.3 8.0 45.7 6.6 7.1 237

Zinc (Zn, mg/kg)
ADL = 7.5

3.8 18.0 33.0 50.0 236.7 41.2 33.7 237

Biological
Richness-integrated AMBI (RI-AMBI) 1.0 1.7 1.9 2.3 3.6 2.0 0.5 316
Traits based index (TBI) 0.01 0.22 0.32 0.42 0.73 0.32 0.14 342
Metals benthic health model
(MetalsBHM)

1.0 2.5 3.4 3.9 5.9 3.2 1.0 98

Mud benthic health model (MudBHM) 0.5 2.9 3.6 4.5 5.3 3.6 1.0 167
N (individuals per 0.0133 m2) 6.3 48.3 87.2 141.7 1259.0 115.8 114.8 316
S (taxa per 0.0133 m2) 3.1 6.3 9.8 14.0 25.2 10.4 4.7 316

Values below the designated analytical detection limits (ADL) are shown as half of the ADL (indicated by grey cells).
Abbreviations include q25 and q75 for the 25th and 75th percentiles respectively, SD for standard deviation and n
for the number of sites represented in the data.
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index (RI-AMBI), traits based index (TBI) and two benthic health models (MudBHM and
MetalsBHM) (Table 1). Two simple metrics (total abundance (N) and total number of taxa
(S)) were also calculated.

Prior to biotic index/metric calculation (for RI-AMBI, TBI, S and N), processing of the
macrofaunal data involved taxonomic lumping and scaling of abundance based on core
diameter (as described by Berthelsen, Atalah, et al. 2018), as well as removal of some
taxa and data (sites with S < 3 and/or N < 3) (Borja and Muxika 2005). RI-AMBI scores
were calculated following Robertson et al. (2016), for sites where > 80% of taxa were
assigned to ecogroups (Borja and Muxika 2005). Ecogroups were derived from infor-
mation sources prioritised in the following order: Robertson et al. (2015), Keeley et al.
(2012) and AZTI (2018). The TBI scores were calculated using site-averaged data generally
following Rodil et al. (2013). Data preparation and index calculation for the two multi-
variate BHMs (MudBHM and MetalsBHM) are detailed in Clark et al. (in prep), with
index scores only calculated for sites with sufficient taxonomic resolution.

The level of taxonomic resolution at which macrofaunal taxa are identified can
influence biotic index scores (Dauvin et al. 2003; Trigal-Domínguez et al. 2010). We
tested a subset of our data against high resolution data from corresponding sites.
Besides suppressing values for S (as expected), taxonomic lumping resulted in index
scores that were generally slightly lower for RI-AMBI (resulting in healthier scores) and
TBI (resulting in unhealthier scores) than those derived from the high-resolution data.
Although this will have had a slight (although larger for S) influence on our summary
scores, correlations were high between indices calculated from both high- and low- resol-
ution data, giving us confidence that the taxonomic lumping will not affect the results of
our comparative analyses.

Indicator data were averaged at site level and only the most recent data available for
each indicator at each site was included in the analyses. The analysed data were largely
(89%) from 2010 to 2017, with the oldest data from 2001. Although older data could be
less reflective of current conditions, we chose to retain all sites in our analyses rather
than exclude them based on an arbitrary date cut-off. Depending on when each indicator
was last sampled at a site, indicator data from different years may have been used from the
same site.

Indicator summary

Indicators were summarised using basic descriptive statistics overall (i.e. nationally). Eco-
logical health in the context of our study was interpreted separately for each indicator
(although nutrients were also considered together) in relation to the physico-chemical
variable it represented. Some indicators (i.e. biotic indices) measured a response to a
physico-chemical variable or combination of these. To guide interpretation of indicator
health, we compared indicator summary values against ecological thresholds above
which negative ecological effects are expected (Table 2). The thresholds provided a
guide only as they were largely derived from research papers or reports, rather than
being government-adopted guidelines. Also, some thresholds had been validated for a
certain area (or estuary type) only although we applied them all nationally. For the
metals, we used the more conservative Environmental Response Criteria (ERC) (ARC
2004), although used the Australian and New Zealand Environmental and Conservation
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Table 2. Benthic sediment physico-chemical and biological indicator thresholds for ecological health in
New Zealand estuaries.

Indicator
Ecological
threshold Description Relevant region Reference

Mud <5% Estimated optimum for the three most
sensitive macrofaunal taxa (from 20 taxa).

Auckland region
estuaries

Anderson
(2008)

5% Optimum and distribution maximums for the
five most sensitive macrofaunal taxa (of 38
taxa).

Auckland region
estuaries

Norkko et al.
(2002)

10% Highest optimum mud value for the 11 most
sensitive macrofaunal taxa (of 39 taxa).

New Zealand
estuaries

Robertson
et al.
(2015)

<10% Coincided with higher functional redundancy
of macrofaunal communities (i.e. TBI
scores).

Auckland region
estuaries

Rodil et al.
(2013)

18% Upper optimum level (90th percentile) for 20
macrofaunal taxa.

Tauranga
Harbour

Ellis et al.
(2017)

<16% Upper optimum level (90th percentile) for 22
macrofaunal traits.

Tauranga
Harbour

Ellis et al.
(2017)

>25% Less diverse and less abundant
macroinvertebrate communities.

New Zealand
estuaries

Robertson
et al.
(2015)

2%–30% Normal to impoverished macrofaunal
community.

New Zealand
estuaries

Robertson
et al.
(2016)

Total organic
carbon (TOC)

<1% Low risk of reduced macrobenthic richness. Worldwide
coastal regions

Hyland et al.
(2005)

>3%–4% ‘Transitional to pollution’ to ‘polluted’
macrofaunal community or ‘moderate’ to
‘poor’ ecological status.

New Zealand
estuaries

Robertson
et al.
(2016)

>3.5% High risk of reduced macroinfaunal richness. Worldwide
coastal regions

Hyland et al.
(2005)

Total nitrogen
(TN)

630 mg/kg* Upper optimum level (90th percentile) for 20
macrofaunal taxa.

Tauranga
Harbour

Ellis et al.
(2017)

995 mg/kg* Upper optimum level (90th percentile) for 22
macrofaunal traits.

Tauranga
Harbour

Ellis et al.
(2017)

Total phosphorus
(TP)

215 mg/kg* Upper optimum level (90th percentile) for 20
macrofaunal taxa.

Tauranga
Harbour

Ellis et al.
(2017)

320 mg/kg* Upper optimum level (90th percentile) for 22
macrofaunal traits.

Tauranga
Harbour

Ellis et al.
(2017)

Metals Cu = 19 mg/kg
Pb = 30 mg/
kg
Zn = 124 mg/
kg

Lower threshold for ‘Amber’ environmental
response criteria (ERC). The biology of the
site is possibly impacted.

Auckland coastal
marine area

ARC (2004)

Metals Cd = 1.5 mg/kg
Cr = 80 mg/
kg
Ni = 21 mg/
kg

Default guideline value (DGV) – indicates the
concentrations below which there is a low
risk of unacceptable effects occurring.

Australia and
New Zealand

ANZECC and
ARMCANZ
(2018)

Richness-
integrated AZTI
marine biotic
index (RI-AMBI)
Index range =
1–7

0.0–0.2 = high
0.2–1.2 =
good
1.2–3.3 =
moderate
3.3–4.3 =
poor
5.0–6.0 = bad
6.0–7.0 =
azoic

Macrofaunal community response to mud
and enrichment gradients.

New Zealand
shallow,
intertidal
dominated
estuaries.

Robertson
et al.
(2016)

Traits based index
(TBI)

0–0.3 = poor
0.3–0.4 =

Macrofaunal functional redundancy in
response to mud and metal gradients.

Auckland region
estuaries.

Rodil et al.
(2013)

(Continued )
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Council default guideline values (DGVs) (ANZECC & ARMCANZ 2018) when ERCs
were not available. The thresholds were generally comparable to our results, although
we did not make a detailed assessment of the laboratory analytical methods for data
used to derive them. We largely limited our interpretation of results to the median,
75th percentile and maximum values, as these reflect general patterns nationally and
the unhealthiest sites respectively. Although lower values are also of interest, these were
usually below ecological thresholds (25th percentile) and the ADL (minimum), and so
were of limited usefulness to our interpretations. We also calculated Pearson’s correlations
between indicators, with high correlation strength defined as r≥ |0.8| (Jun et al. 2012).

Comparisons across estuary types

Differences in indicator values across estuary types were explored using unbalanced one-
way ANOVA models. Assumptions regarding normality and homogeneity of variance of
the data were met, with transformation conducted if necessary (Zuur et al. 2010). We used
Tukey’s test for pairwise comparisons to test specific differences between indicators and
estuary types. For all significant pairwise comparisons, we confirmed that the 95% confi-
dence intervals did not cross zero. Due to the unbalanced nature of our data (i.e. varying
numbers of sites, and regions represented by sites, per estuary type), we did not include an
interaction of region in these analyses. To reduce the likelihood of certain regions or estu-
aries influencing our results, we excluded estuary types for which fewer than four regions
(and fewer than six estuaries) were represented for a given indicator. For mud analysed
separately per grain size analysis method, we lowered this minimum to fewer than two
regions (and fewer than three estuaries), as separating the data reduced the amount of
data available for each analysis. The data excluded were: waituna-type lagoons and
coastal embayments (all indicators), tidal river estuaries (mud values derived from laser
grain size analysis), deep drowned valley estuaries (TOC), and tidal river and deep
drowned valley estuaries (MudBHM and MetalsBHM). Differences across estuary types
were considered significant if P < 0.05 and highly significant if P < 0.001 for ANOVAs
and pairwise comparisons. Additionally, we considered significant and highly significant
ANOVA results as P < 0.003 and P < 0.00006 respectively based on a Bonferroni correc-
tion for family-wise error. The total number of estuaries and sites per estuary type in

Table 2. Continued.

Indicator
Ecological
threshold Description Relevant region Reference

Index range =
1–0

intermediate
0.4–1 = high

Mud and metals
benthic health
models
(MudBHM and
MetalsBHM)
Index range =
1–6

1–2 = 1 (least
impacted)
2–3 = 2
3–4 = 3
4–5 = 4
5–6 = 5 (most
impacted)

Macrofaunal community response to mud
(MudBHM) and metal (MetalsBHM)
gradients.

New Zealand
tidal lagoon
and shallow
drowned valley
estuaries.

Clark et al.
(in prep)

*individual total nitrogen (TN) and total phosphorus (TP) thresholds based on analyses that used a combined nutrient
gradient.
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our comparative analyses were: tidal river (7 estuaries, 16 sites), tidal lagoon (24, 124), and
shallow (19, 179) and deep (8, 26) drowned valley, although these values varied per indi-
cator (Figure 2).

Results

Indicator summary

Sediment mud content for at least 50% of sites measured (i.e. median = 12.4% mud) was
above threshold values (5% and 10% mud) at which sensitive macrofaunal taxa and traits
(based on functional redundancy) are expected to be negatively impacted (Tables 1 and 2).
Also, the mud content for at least 25% of sites overall (i.e. q75 = 27.9%), including some of
those mentioned above, was higher than the threshold (25% mud) where macrofaunal
communities are expected to be less diverse and less abundant. The mud q75 value was
also above the upper optimum for macrofaunal taxa (18% mud) and traits (16% mud)
based on research in Tauranga Harbour.

Total phosphorus (TP) for at least 50% of sites measured (i.e. median = 349.8 mg/kg
TP), was above the upper optimums (based on a combined nutrient gradient) for
macrofaunal taxa (215 mg/kg TP) and macrofaunal traits (320 mg/kg TP) in Tauranga
Harbour (Tables 1 and 2). For total nitrogen (TN), values were below the ADL for at
least 50% of sites measured (i.e. median = 250 mg/kg). The TN level for at least 25%
of sites measured (i.e. q75 = 746.5 mg/kg TN) was higher than the upper optimum
(based on a combined nutrient gradient) for macrofaunal taxa (630 mg/kg TN), but
not for macrofaunal traits (995 mg/kg TN), in Tauranga Harbour. Total phosphorus
and TN together at a site both exceeded the upper optimum for macrofaunal taxa
and traits in Tauranga Harbour for 31% of sites where both nutrients were measured
(59/192 sites, raw data not in Table 1). Of these sites, 14% (26/192) also exceeded
the Tauranga Harbour upper optimum thresholds for macrofaunal traits for both nutri-
ents together. Maximum values for mud, TP and TN were well above all respective
thresholds.

For total organic carbon (TOC), only the maximum value (of the summary statistics)
(maximum = 3.4% TOC) was above the threshold (1% TOC) where there was a low risk of
reduced macrobenthic richness, and within the threshold range (>3%–4% TOC) at which
macrobenthic communities have ‘moderate to poor’ ecological status (Tables 1 and 2).
Only the maximum values for most metals (chromium (Cr), copper (Cu), lead (Pb),
nickel (Ni), and zinc (Zn)) exceeded their respective DGV/ERC thresholds, with the
maximum value for cadmium (Cd) below the DGV.

Scores for two biotic indices (RI-AMBI and MetalsBHM) were within (or better than)
the moderate (i.e. moderately impacted) health category for at least 75% of sites for which
they were calculated (i.e. q75 = 2.3 for RI-AMBI and 3.9 for MetalsBHM) (Tables 1 and 2).
For MudBHM and TBI, scores were within (or better than) the moderate/intermediate
health category for at least 50% of sites (i.e. median = 3.6 for MudBHM and 0.32 TBI)
but not for 75% of sites (based on the q75 (MudBHM) and q25 (TBI)). Sites with the
poorest health were within the ‘poor’, ‘very poor/poorest’ or ‘most impacted’ category
for all indices. Median values for N and S were 87 individuals and 10 taxa per
0.0133 m2 core respectively. Highly correlated ecological health indicators were RI-
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Figure 2. New Zealand intertidal benthic ecological (physico-chemical and biological) health indicators
across estuary types classified by geomorphic class (GC); waituna-type lagoon (GC2), tidal river (GC6),
tidal lagoon (GC7), shallow (GC8) and deep (GC9) drowned valley, and coastal embayment (GC11) estu-
aries. The box plot for each indicator displays the median, 25th and 75th percentiles. The number of
estuaries (n(e)) and sites (n(s)) are provided under each plot. An asterisk symbol (*) either side of
the indicator name on the y-axis shows there was a significant difference (determined using unba-
lanced one-way ANOVA models, P < 0.05) across at least one estuary type pair for that indicator.
Mud is represented by separate box plots (overlaid on each other) for each sediment grain size analysis
method (laser (grey box plot) and wet sieving (white box plot)). The number of estuaries and sites for
the mud plot represents the combined data (wet sieve and laser).
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AMBI vs MudBHM (Pearson r = 0.80), although Cu vs TP and Pb vs Zn were close to
being highly correlated (r = 0.79). See Table S1 for all physico-chemical and biological
health indicator values.

Indicators across estuary types

Statistically significant (P < 0.05) differences across estuary types were observed for thir-
teen of the sixteen benthic ecological health indicators. These were detected for both
physico-chemical (mud, Cu, Cr, Ni, Pb, TN, TP, Zn) and biological (RI-AMBI, TBI, N,
MudBHM, S) indicators (Figure 2, Tables 3 and S2). Results for TN, MudBHM and S
were not statistically significant after application of the Bonferroni correction. All
physico-chemical indicators (for which results were statistically significant) were higher
in tidal river (GC6) and/or deep drowned valley (GC9) estuaries compared to tidal

Table 3. Significant differences (determined using unbalanced one-way ANOVA and Tukey’s test for
pairwise comparisons, P < 0.05) for intertidal benthic sediment physico-chemical and biological
health indicators across New Zealand estuaries classified by geomorphic class (GCs); tidal river (GC6),
tidal lagoon (GC7), and shallow (GC8) and deep (GC9) drowned valley estuaries. For mud, the data
was analysed both overall (all data combined) and separately for each of two grain size analysis
methods (wet sieve and laser diffraction). Comparisons for the indicators below did not include
those for mud (laser) for GC6 estuaries, or MudBHM for GC6 and GC9 estuaries, because there were
too few sites for the comparison.

Indicator
Estuary types (names and geomorphic classes) across which the indicator differed

significantly

Mud (All data combined)*

Mud (Laser)*

Mud (Wet sieve)*

(% grain size < 63 µm out of < 2 mm)

All data combined: tidal river (6) > tidal lagoon* (7), shallow drowned valley (8),
deep drowned valley (9).

All data combined: deep drowned valley (9) > tidal lagoon* (7), shallow drowned
valley (8).

All data combined: shallow drowned valley (8) > tidal lagoon (7).
Wet sieve: tidal river (6) > tidal lagoon* (7), shallow drowned valley (8).
Wet sieve: deep drowned valley (9) > tidal lagoon (7).
Laser: deep drowned valley (9) > tidal lagoon* (7), shallow drowned valley (8).
Laser: shallow drowned valley (8) > tidal lagoon (7).

Total nitrogen (TN, mg/kg) Deep drowned valley (9) > tidal lagoon (7).
Total phosphorus* (TP, mg/kg) Tidal river* (6), tidal lagoon (7), deep drowned valley (9) > shallow drowned valley

(8).
Chromium* (Cr, mg/kg) Shallow drowned valley* (8), deep drowned valley (9) > tidal lagoon (7).
Copper* (Cu, mg/kg) Deep drowned valley (9) > tidal lagoon* (7), shallow drowned valley* (8).

Tidal river (6) > shallow drowned valley (8), tidal lagoon (7).
Nickel* (Ni, mg/kg) Shallow drowned valley (8), deep drowned valley (9) > tidal lagoon (7).

Tidal river (6) > tidal lagoon (7).
Lead* (Pb, mg/kg) Tidal river (6) > tidal lagoon* (7), shallow drowned valley* (8).

Deep drowned valley (9) > tidal lagoon (7), shallow drowned valley* (8).
Zinc (Zn, mg/kg) Tidal river (6), deep drowned valley (9) > shallow drowned valley (8).
Richness-integrated AZTI marine
biotic index*
(RI-AMBI)

Shallow drowned valley (8), deep drowned valley (9) > tidal lagoon (7).

Traits based index* (TBI)
Note: higher values indicate better
health

Tidal lagoon* (7), shallow drowned valley* (8), deep drowned valley* (9) > tidal
river (6).

Mud benthic health model
(MudBHM)

Shallow drowned valley (8) > tidal lagoon (7).

N* (individuals per 0.0133 m2) Tidal river (6) > shallow drowned valley* (8), deep drowned valley (9).
Tidal lagoon (7) > shallow drowned valley (8).

S (taxa per 0.0133 m2) Tidal lagoon (7), shallow drowned valley (8) > tidal river (6).

*indicates a highly significant (P < 0.001) result for the ANOVAs (left column) and pairwise comparisons (right column).
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lagoon (GC7) and/or shallow drowned valley (GC8) estuaries. Values for three physico-
chemical indicators (Cr, Ni, and mud (all data combined and laser)) were also statistically
higher in shallow drowned valley, compared to tidal lagoon, estuaries. However, TP levels
were higher in tidal lagoon, compared to shallow drowned valley, estuaries.

Similar general patterns were observed for the differences in biotic indices/metrics
across estuary types. Scores for the TBI indicated poorer health, and the number of
taxa (S) was lower, in tidal river estuaries compared to the other estuary types. For RI-
AMBI and MudBHM, macrofaunal health was statistically poorer in deep and/or
shallow drowned valley compared to tidal lagoon estuaries. Macrofaunal abundance (N)
was lower in shallow drowned valley compared to tidal lagoon estuaries, but was also
lower in shallow (and deep) drowned valley, compared to tidal river, estuaries.

Results for nine indicators (mud, Cr, Cu, Ni, Pb, TP, N, RI-AMBI and TBI) were highly
statistically significant (ANOVA = P < 0.001) (Table 3), with mud (laser and wet sieve), N,
Ni and RI-AMBI excluded following Bonferroni correction. For highly significant differ-
ences (pairwise comparison, P < 0.001), most (based on differences among estuary type
means) were larger than (or only slightly below) the q25 indicator values observed nation-
ally (Tables 2 and 3, Figure 2, Tables S2 and S3). Relatively large differences (i.e. those
larger than the median value observed nationally for the indicator) were also detected
for mud, Cu, Pb and N. However, except for mud (all data combined, laser and wet
sieve), the differences for all of these indicators were smaller than their respective
lowest ecological health threshold values.

No statistically significant differences across estuary types were observed for three
(TOC, Cd and MetalsBHM) of the sixteen ecological indicators. Non-significant differ-
ences were also observed for all other indicators for at least one estuary type pair
comparison.

Discussion

Analysing intertidal benthic ecological health data for New Zealand’s estuaries collectively
allowed us to summarise physico-chemical and biological health indicators on a national
scale and explore differences for indicators across estuary types grouped using a geo-
morphic classification system.

Indicator summary

Both sedimentation and increased nutrient loading have been ranked as among the most
important coastal pressures in New Zealand (Heggie and Savage 2009; MacDiarmid et al.
2012; MFE & StatsNZ 2016; Robertson et al. 2016) and are problematic in many coastal
areas overseas (Gray 1997; Diaz and Rosenberg 2008). In our study, mud was at high
enough levels for at least half of the sites measured to be above thresholds at which nega-
tive impacts are expected to occur. These impacts are in relation to sensitive macrofaunal
taxa and traits (based on functional redundancy) in particular (Anderson 2008; Rodil et al.
2013; Robertson et al. 2015), but also (for at least a quarter of total sites) to the diversity
and abundance of macrofaunal communities (Robertson et al. 2015). Interpretation of
nutrient levels is more nuanced. In estuarine systems, nitrogen, rather than phosphorus,
is generally considered to be more limiting for primary production (Howarth and
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Marino 2006). Nitrogen levels surpassing the assimilation capacity of an estuary can
stimulate plant growth resulting in severe adverse ecological effects (Cloern 2001;
McGlathery et al. 2007). We found that levels of both these nutrients (TN and TP)
together were above their relevant thresholds for macrofauna taxa at more than a
quarter of sites where both nutrients were measured, although this conclusion is tentative
as the upper optimum thresholds they exceeded were derived from one estuary only
(Tauranga Harbour, a shallow drowned valley estuary (Ellis et al. 2017)) at one point in
time. If TP is considered individually, the number of sites impacted was higher,
however extrapolation of the upper optimum values in Ellis et al. (2017) should be
applied with caution as their maximum abundance models used a combined nitrogen
and phosphorus stressor gradient and changes in macrofaunal abundance may have
been primarily driven by nitrogen concentrations.

Metal pollution is also considered an important potential threat to New Zealand’s
coastal marine environment (MacDiarmid et al. 2012). Metals concentrations were rela-
tively low (i.e. below the DGV/ERC guidelines) at nearly all sites, although negative
effects can occur below these thresholds (Hewitt et al. 2009). Organic enrichment also
threatens coastal benthic habitats worldwide including in New Zealand (Hyland et al.
2005; Keeley et al. 2012), although again, we observed TOC levels to be at relatively low
levels at nearly all sites. Maximum levels for all physico-chemical health indicators
(except Cd) exceeded their respective ecological impact thresholds. Although not
present in our study, above-guideline concentrations of Cd have been reported in New
Zealand coastal environments (MFE & StatsNZ 2016). Our data were unlikely to have rep-
resented the full extent of human impacts, as not all estuaries were surveyed and sites
within estuaries were generally positioned away from point source discharges. Also, eco-
logical health may have since degraded (or improved) at sites represented by older data.
Although currently unknown for New Zealand, our data may have also been biased
towards (or against) human impacts as monitoring programmes can target estuaries
based on their level of anthropogenic activity. For example, Australian estuaries with
higher levels of human disturbance have been prioritised for monitoring (Murray et al.
2006).

Although elevated levels of sediment physico-chemical indicators are often a result of
human activities, they may also occur naturally in certain situations. For example, they
may be derived from geological sources; chromium and nickel in estuaries from the top
of the South Island (i.e. Tasman, Nelson and Marlborough regions) (Forrest et al.
2007), and phosphorus in Banks Peninsula and Northland environments (Stevenson
et al. 2010; Ballinger et al. 2014). Separating natural from anthropogenic impacts in estu-
aries is inherently difficult because these systems are naturally stressed and exhibit a high
degree of natural variability (Elliott and Quintino 2007). Although we did not attempt this,
quantifying natural and anthropogenic impacts separately can be informative for environ-
mental management purposes. For example, a management response may be warranted if
high levels of an ecological stressor were caused by human impacts but not if they were
natural in origin.

Biotic index scores were within (or better than) the moderate health category for at least
half (MudBHM, TBI) or three quarters (RI-AMBI, MetalsBHM) of sites. All indices
(except MetalsBHM) were developed to track macrofaunal community responses to
mud (and sometimes other) gradients. Therefore, our results correspond with the
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observation that mud values for at least half of sites were below thresholds above which
larger negative impacts (i.e. not just the most sensitive taxa/traits) are expected. The pro-
portion of sites within index health categories did not always correspond between indices
developed to track mud gradients. However, the number of sites for which each index was
calculated varied and therefore the categories within which their summary scores sat were
not necessarily expected to agree. Irrespective of their health category threshold values,
general agreement was found between RI-AMBI and MudBHM (Pearson’s, r = 0.80).
MudBHM had a higher correlation with mud (r = 0.73) than RI-AMBI (r = 0.61), although
RI-AMBI would have ideally been calculated using data of a higher taxonomic resolution
than that used in our study. Redundancy between indicators should be considered when
designing monitoring programmes, as double counting of information can result in the
overweighting of a particular pressure and can bias the overall interpretation of results
(Cairns et al. 1993; Aubry and Elliott 2006).

Indicators across estuary types

We observed statistically significant differences across estuary types for thirteen of the
sixteen ecological health indicators (Table 3). For the physico-chemical health indicators,
general patterns included higher indicator values in tidal river mouth and/or deep
drowned valley estuaries in comparison to tidal lagoon and/or shallow drowned valley
estuaries. Three indicators (mud, Cr, Ni) also exhibited higher values in shallow
drowned valley compared to tidal lagoon estuaries, although TP showed the opposite
trend. The differences observed could be related to the natural geomorphological charac-
teristics of these estuary types. For example, tidal lagoons, dominated by ocean forcing, are
generally considered to have good flushing capability while deep drowned river valley
estuaries are characterised by poor flushing (Hume et al. 2016a, 2007), which may help
explain why we detected lower physico-chemical indicator values in tidal lagoon com-
pared to deep drowned valley estuaries. However due to their prevalence, the influence
of human impacts also needs to be considered alongside natural differences when inter-
preting drivers of ecological health indicators in estuaries (Teske and Wooldridge 2001;
Basset et al. 2013). Human activities detrimental to estuaries, either in the catchment or
the estuaries themselves, may target estuaries that have certain physical properties and
the impacts of these can mask or exaggerate natural differences. For example, large estu-
aries are commonly subject to more intense levels of human development due to their
often-higher economic importance (Murray et al. 2006; Van Niekerk et al. 2013).

Biological health indicators exhibited similar general patterns across estuary types to
those described for the physico-chemical indicators. Scores for RI-AMBI, MudBHM
and TBI indicated either better health of macrofaunal communities in tidal lagoon estu-
aries and/or poorer health in tidal river estuaries, compared to other estuary types.
Also, RI-AMBI and MudBHM indicated poorer health, and macrofaunal abundance N
was lower, in shallow drowned valley compared to tidal lagoon estuaries. Although we
detected higher macrofaunal abundances in tidal river estuaries compared with other
estuary types, these communities were not necessarily in better health as higher abun-
dances can indicate poorer health in some cases (Pearson and Rosenberg 1978). Commu-
nities may have been responding to our observed differences in physico-chemical
indicators and/or to other environmental (abiotic or biotic) variables not included in
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our analyses (e.g. salinity; Edgar et al. 1999). Variation in macrofaunal communities across
estuary types (including those based on a geomorphic classification) has also been pre-
viously reported in New Zealand (Ellis et al. 2006; Berthelsen, Atalah, et al. 2018), and
overseas (Edgar et al. 1999; Basset et al. 2013). Other types of biological communities
shown to differ across estuary types in New Zealand include zooplankton (Lucena-
Moya and Duggan 2017), fish (Francis et al. 2005) and wading birds (Whelan et al. 2003).

Most of the highly (statistically) significant differences (relating to nine of the indi-
cators) across estuary types were relatively large compared to indicator values observed
nationally, with the largest being for mud, metals (Pb, Cu) and macrofaunal abundance
(N). However, from a health perspective the differences were generally all smaller than
the lowest ecological threshold values for their respective indicators. The exception was
for mud, suggesting that differences observed across estuary types for this indicator
were large enough to be potentially ecologically meaningful. To validate our findings,
additional work would be required to more fully quantify indicator variation (spatial
and temporal) over a range of scales (i.e. within estuaries and estuary types). Additional
research is also required to determine the drivers of the differences observed.

In New Zealand, geographical occurrence varies with geomorphic class (Hume et al.
2016a), making it difficult to separate the influence of sub/regional-scale factors from
estuary type on ecological indicators. Although we took steps to limit regional-scale
biases in our data, these may still have contributed to some of our observed differences.
For example, higher TP levels in deep (compared to shallow) drowned valley estuaries
may be due to the higher proportion of sites from Northland and Banks Peninsula for
this estuary type in our data; in these areas phosphorus can originate from geological
sources, although human related impacts may also be implicated (Bolton-Ritchie 2013;
Griffiths 2013).

We observed no significant differences across estuary types for three (cadmium, TOC
and MetalsBHM) of the sixteen indicators. A high percentage of cadmium values were
below their respective ADLs and therefore unable to be differentiated from each other
during estuary type comparisons, and limited data was available for TOC the least
sampled indicator. The MetalsBHM index may not have differed across estuary types,
even though most metals were observed to, because metal levels at most sites were
below concentrations at which macrofaunal communities are generally expected to
respond. Also, this index was calculated for a subset of sites only and therefore did not
represent macrofaunal communities at all sites where metals data were collected.

Conclusions and future recommendations

We summarised intertidal benthic ecological (physico-chemical and biological) health
indicators in New Zealand’s estuaries. Statistically significant differences across estuary
types (classified using a geomorphic system) were also identified for thirteen of the
sixteen ecological health indicators. Our results provide a point of reference for future
analysis.

A national-scale summary of ecological health indicators would also benefit from
temporal analysis of the indicators (e.g. Anderson et al. 2007). Rather than inferring
indicator health only from thresholds above which adverse ecological impacts are
expected, temporal analyses can detect changes in health occurring below the threshold
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levels, therefore providing additional useful information for managers. A more compre-
hensive and robust national-scale summary of estuary indicators would be enabled if
regional monitoring surveys for New Zealand estuaries were further aligned, for
example if the same indicators were measured across all sites and comparable laboratory
analysis methods were used.

As mentioned, validation of our estuary type comparison results would benefit from
additional quantification of indicator variation and the differences observed could also
be investigated further to understand their specific drivers (Whelan et al. 2003; de Juan
et al. 2013) as well as potentially uncover differences not fully captured by geomorphic
estuary type classifications. Additionally, establishment of ‘type-specific’ reference con-
ditions for estuary health indicators (Borja et al. 2012) would confirm whether our
observed differences across estuary types were natural.
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