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Elevated anthropogenic CO, emissions are warming the planet, although our understanding of how climate-
related changes manifest locally remains poor. In estuaries, rising air and sea surface temperatures, increased
sediment loading, and climate-related changes (e.g., cyclones, heatwaves, droughts) can collectively influence
tidal flat biota and the key ecosystem functions they mediate. Here, we used long-term data from six sites in a
New Zealand estuary (all sampled quarterly for 22 years) to evaluate tidal flat macroinvertebrate changes and
responses of five functional diversity metrics (i.e., Functional Richness, Evenness, Dispersion, Divergence, and
Redundancy) to shifting environmental conditions. Sea surface temperature (satellite SST records), sediment
organic matter content (OM), and bed sediment muddiness all increased significantly at all sites from 2000 to
2022. The individual effects of these environmental drivers on functional diversity metrics were mixed, but net
trends in Functional Richness and Functional Redundancy indicated increasing levels of community resilience
over time. Heat spikes can cause thermal stress, but gradual warming may elevate metabolic rates and accelerate
reactions such as photosynthesis. The positive effects on increased food supply (OM) could have outweighed
negative influences of increasing mud, generating the net trends in our data. Overall, our research suggests that
some estuarine soft-sediment macroinvertebrate communities, based on the analysis of functional diversity
metrics, are becoming increasingly resilient and adaptable, rather than increasingly depauperate and function-

ally impacted, as climate change strengthens.

1. Introduction

Increasing greenhouse gas emissions coincident with exponential
human population growth and industrialisation are linked to global
warming and impacts to Earth’s ecosystems. 2023 was determined to be
the hottest year in the modern record, and eighteen of the nineteen
warmest years on record have occurred since 2000 [1-3].

Earth’s oceans are absorbing heat and atmospheric COy [4-6].
Despite the capacity of the oceans to buffer these stressors [5,7], tem-
peratures and CO; concentrations in seawater are rising worldwide and
manifesting as marine heat waves and ocean acidification [5,6,8], which
are directly impacting marine species and ecosystems, e.g., increasing
the extent and intensity of coral bleaching [9,10], reducing kelp forest
cover [11-13], disrupting food webs [14-17], and shifting the distri-
butions of fisheries species [18-21].

Estuarine ecosystems are water bodies located at the land-sea
interface. These ecosystems experience wider temperature and pH
fluctuations than open ocean environments as estuaries are shallower
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and water movement is more restricted [22-24]. Rising air temperatures
are a primary driver of widely observed increases in estuarine water
temperature [23,25,26], which may in turn increase effects of hypo-
xia/anoxia [27-29], pathogens and diseases [30], and harmful algal
blooms [27,31].

In addition to rising temperatures, estuaries have greater exposure to
other climate-related changes. For example, the shape, depth, salinity
gradient, and volume of estuaries will change with climate-associated
increases in mean sea level [32-34] with the potential to influence hy-
drodynamics, productivity, and the distribution of habitats. Further-
more, the frequency and intensity of storms is predicted to increase with
ocean warming [35-37], with storm-associated rainfall likely to increase
the erosion of soils from coastal catchments and subsequent loading of
fine sediments, pollutants, nutrients, and organic matter to estuaries
[27,38-40]. Increased suspended fine sediment concentrations and bed
sediment muddiness are well-documented major threats to estuarine
biodiversity and ecosystem function [41-45].

Despite adverse impacts and an undeniable need to control
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Fig. 1. Mahurangi Harbour, North Island, New Zealand, and the six macroinvertebrate sampling sites. Blue lines show the river and small gold points show the
rivers outlets.
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Table 1

Summary of the main characteristics of each sampling site in Mahurangi Harbour (New Zealand) analysed in this study. *No sampling was carried out in 2012-2015

and 2019-2021.
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Site Site Macrobenthic Sampling Total number of Total abundance of ~ Total mean Total number of Total mean number
ID time series requency macrobenthic core all taxa collecte abundance of all taxa  species collecte: of species collecte
fi benth 1 llected bund: f all llected f llected
replicates (n) (ind/core) collected (ind/core) (Richness) (Richness)
Hamilton HL 2000-2022 3 months 984 127,504 130 128 12
Landing
Cowans Bay CB 2000-2022* 3 months 660 47,035 71 122 12
Mid Harbour =~ MH 2000-2022 3 months 1092 73,661 67 163 13
Dyers Creek DC 2005-2022 3 months 816 61,181 75 121 13
Te Kapa TK 2000-2022 3 months 1092 95,634 88 150 13
inlet
Jaimenson JB 2000-2022 3 months 1104 113,096 102 235 18
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Fig. 2. Summary results of GAMs by site in Mahurangi Harbour. Partial residual plots indicating the trend of (a) Chlorophyll a (mg/g), (b) Organic Matter content in
sediment (%), (¢) Mud content in sediment (%) over time. Coloured solid lines show the locally estimated smoothing trends; shading shows the 95 % confidence
intervals, and coloured solid points show the residual values. Significant interactions are showed as noted p values.

greenhouse gas emissions globally, the effects of climate-related changes
will not be negative for all biota and ecosystems. Almost all chemical
reactions are faster at higher temperature, including biologically
mediated reactions within cells [46,47]. Thus, for ectothermic organ-
isms in the marine realm, the elevation of metabolic rates with warming
could have positive effects on key processes and groups of organisms
[46,48-50]. Rates of photosynthesis (use of sunlight energy to fix car-
bon), for example, are generally predicted to increase with warming [51,
52]. Nevertheless, beyond an optimal thermal range, further warming

can cause metabolic depression, where the metabolic rate levels off or
even decreases [53-55]. This occurs because high temperatures can
induce physiological and molecular stress, resulting in organisms
actively or passively suppressing energy-consuming processes to prevent
cellular damage and conserve resources [53-55].

Benthic macroinvertebrate communities (comprised of ectotherms
organisms that will respond to variations in temperature) are widely
recognised as sensitive indicators of estuarine health and function
[56-58] and are sampled and monitored in estuaries worldwide [29,56,
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Fig. 3. Summary results of GAMs by site in Mahurangi Harbour. Partial re-
sidual plots indicating the trend of Sea Surface Temperature (°C, recorded in
austral autumn — April) and Southern Oscillation Index (SOI >1 La Nina phase,
SOI < -1.0 El Nino phase) over time. Coloured blue lines show the locally
estimated smoothing trends and shading shows the 95 % confidence intervals.
Significant interactions are showed as noted p values.

59,60]. Many macrofauna rely directly or indirectly on micro-
phytobenthos as a food resource [61,62], and climate-related changes in
estuaries may stimulate diatoms [63-66], the dominant component of
microphytobenthos. The movements and feeding behaviours of macro-
fauna are central to their roles in soft-sediment ecosystems (e.g., as
bioturbators, bioirrigators, sediment stabilisers/destabilisers) [62],
therefore, climate-related changes in activity rates and food supply
could alter community dynamics.

Analyses of estuarine sediment and macroinvertebrate community
time-series data can provide insights into the responses of estuaries to
climate-related change (e.g., [67,68]). Yet, analyses of responses to
multiple climate-related stressors simultaneously, and testing of the
linkages to functioning and resilience, are generally lacking.

Functional diversity, defined as the components of biodiversity that
influence how an ecosystem operates or functions (e.g., functional
traits), has been proposed as a key measure for assessing relationships
between biodiversity, the roles of organisms in communities, and links
to ecosystem properties such as resistance and resilience to stressors [58,
69-71]. Functional diversity has advantages over classical measures of
diversity in terms of understanding of large-scale ecosystem processes as
it includes knowledge of the components of biodiversity that influence
ecological processes and ecosystem functioning [70,72-75]. Several
metrics have been developed to quantify functional diversity, and
functional diversity has several facets (e.g., functional richness, func-
tional evenness, functional divergence, functional dispersion, and
functional redundancy). The multiple facets provide versatility and
complementary ways of describing the distribution of traits in a com-
munity, enabling the evaluation of within- and among-assemblage
components [58,71,76-78]. Functional richness and functional
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Table 2

Summary results of the GAM analyses assessing the environmental trends over
time at each site. Chl a: Chlorophyll a, OM: Organic matter content in sediment,
Mud: Mud content in sediment, SST: Sea Surface Temperature, SOI: Southern
Oscillation Index.

Site p value R? Deviance explained AIC Slope
Chl a
HL 0.00000065 0.40 0.434 388.0 0.288
CB 0.00000870 0.48 0.530 240.0 0.022
MH 0 0.36 0.382 379.0 0.208
DC 0 0.57 0.597 246.0 0.296
TK 0 0.53 0.559 419.0 0.180
JB 0.00021400 0.26 0.301 306.0 0.063
oM
HL 0.00244000 0.20 0.235 209.0 0.022
CB 0.30100000 0.01 0.025 77.2 -0.014
MH 0.00249000 0.18 0.220 172.0 0.035
DC 0.00000096 0.40 0.429 37.5 0.054
TK 0.00009740 0.26 0.294 151.0 0.040
JB 0.00000085 0.35 0.382 138.0 0.071
Mud
HL 0 0.60 0.628 596.0 2.070
CB 0 0.76 0.792 318.0 1.170
MH 0.00000519 0.30 0.323 550.0 0.345
DC 0.00009330 0.29 0.329 312.0 0.114
TK 0 0.43 0.462 616.0 0.955
JB 0.00000077 0.39 0.432 503.0 0.282
SST All 0.02960000 0.19 0.226 43.2 0.051
SOI All 0.03582000 0.44 56.300 41.1 0.026

redundancy—the degree to which species perform similar functional
roles in a community, helping the system to maintain functionality
should some species be lost—are particularly useful for gauging the
resilience of ecosystems to stressors.

In estuarine ecosystems, several investigations have assessed the
relationship between biodiversity and ecosystem functioning using
various functional diversity metrics (e.g., [79-83]). However, empirical
studies assessing long-term functional patterns in estuarine ecosystems
are scarce, with the majority of the studies based on short-term assess-
ments, manipulative experimentation, or modelling ([58,84-86]. Thus,
our ability to predict changes in estuarine functionality and assist con-
servation and management decisions given climate change remains
limited.

Here, we leveraged existing high-quality estuarine time-series data
(>20 years of quarterly sampling at six sites in a well-studied southern
hemisphere estuary) to investigate how estuarine macrobenthic func-
tioning has changed over time. We focused on estuarine macrobenthic
fauna as these organisms are central to ecosystem functioning, e.g.,
regulating fluxes of energy and matter [87,88], bioturbating sediments
[62,89], and promoting sediment oxygenation [90,91].

Along with the macroinvertebrates, time-series data on sediment
muddiness (linked to sediment loading from the land), sediment chlo-
rophyll a content (i.e., microphytobenthos abundance), organic matter
content in sediment, sea-surface temperatures, and Southern Oscillation
Index, allowing us to explore the significance of multiple climate-related
drivers simultaneously. Specifically, we investigated macrobenthic
functional changes over time using a suite of five different functional
metrics, and evaluated the relationships between the macrobenthic
functional metrics and multiple environmental drivers. A primary
motivation for the study was to determine the simultaneous (net) effects
of multiple climate-related drivers on estuarine macrobenthic functional
richness (as proxy of ecological resilience), evenness, divergence,
dispersion and redundancy.

We hypothesised that macrobenthic functional metrics are influ-
enced over the long term by interacting environmental drivers such as
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Table 3

Summary results of the GAM analyses assessing Functional Richness. Chl a:
Chlorophyll a; Mud: Mud content in sediment; OM: Organic content in sediment;
SST: Sea Surface Temperature; SOI: Southern Oscillation Index, Significant in-
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Table 4

Summary results of the GAM analyses assessing Functional Evenness. Chl a:
Chlorophyll a; Mud: Mud content in sediment; OM: Organic content in sediment;
SST: Sea Surface Temperature; SOI: Southern Oscillation Index, Significant in-

teractions are highlighted in bold.

teractions are highlighted in bold.

Functional Richness

Functional Evenness

edf Ref.df F P-value
a) HL
s(Year) 1.598 1.963 2.675 0.071847
s(SOI) 1.917 2.421 2.28 0.116123
S(SST) 2.866 3.482 7.055 0.000173
s(Chla) 1 1.001 0.7 0.405598
s(Mud) 2.907 3.61 2.209 0.080356
s(OM) 1.533 1.897 0.328 0.679693
R%=0.43 Dev. Exp. = 51.8 %
b) CB
s(Year) 2.364 2.951 7.009 0.000447
s(SOI) 1.175 1.327 0.792 0.485116
s(SST) 1 1 8.004 0.007005
s(Chla) 1 1 0.495 0.485197
s(Mud) 1 1 1.122 0.295311
s(OM) 1 1 0.124 0.726675
R?=0.38 Dev. Exp. = 47.3 %
c¢) MH
s(Year) 8.005 8.709 32.203 0.000001
s(SOI) 2.263 2.843 2.276 0.113776
s(SST) 2.25 2.754 2.201 0.074733
s(Chla) 1 1.001 0.074 0.786749
s(Mud) 3.642 4.568 5.62 0.000387
s(OM) 2.336 2.921 1.235 0.260976
R%=0.85 Dev. Exp. = 88.5 %
d) DC
s(Year) 3.568 4.412 6.129 0.000264
s(SOI) 1 1 0.827 0.367066
s(SST) 1.982 2.464 3.841 0.025953
s(Chla) 1.275 1.487 1.335 0.304963
s(Mud) 3.129 3.946 1.935 0.154609
s(OM) 1.582 1.956 3.943 0.018097
R?=0.55 Dev. Exp. = 64.2 %
e) TK
s(Year) 3.693 4.609 1.869 0.1172
s(SOD) 1.852 2.329 0.761 0.5816
s(SST) 1 1 5.82 0.0183
s(Chla) 1.203 1.376 0.586 0.4178
s(Mud) 1 1 0.04 0.843
s(OM) 2.16 2.705 3.476 0.0291
R?=0.22 Dev. Exp. = 32.5 %
d) JB
s(Year) 5.026 6.173 14.723 0.000001
s(SOI) 1.225 1.41 0.09 0.7937
s(SST) 1 1 2.958 0.0894
s(Chla) 1.807 2.287 1.686 0.2092
s(Mud) 1 1 0.723 0.3978
s(OM) 1 1 0.114 0.7362
R?=0.59 Dev. Exp. = 64.6 %

edf Ref.df F P-value
a) HL
s(Year) 4.805 5.962 8.314 0.000001
s(SOI) 1 1 0.329 0.5679
S(SST) 1.327 1.588 4.662 0.0328
s(Chla) 1 1 0.319 0.5744
s(Mud) 1.404 1.687 3.058 0.068
s(OM) 1 1 0.009 0.9231
R?=0.52 Dev. Exp. = 58.5 %
b) CB
s(Year) 2.655 3.313 4.024 0.0123
s(SOI) 1 1 0.01 0.9223
s(SST) 1 1 0.9 0.3479
s(Chla) 1 1 0.402 0.5295
s(Mud) 1 1 0.356 0.5539
s(OM) 1.717 2.139 1.257 0.2673
R?=0.23 Dev. Exp. = 35.9 %
c¢) MH
s(Year) 3.218 4,052 16.81 0.000206
s(SOI) 1 1 1.362 0.2469
s(SST) 1 1 0.198 0.6578
s(Chla) 1 1 2.28 0.1351
s(Mud) 1 1 2.449 0.1217
s(OM) 1 1 7.49 0.0077
R%=0.50 Dev. Exp. = 54.9 %
d) DC
s(Year) 4.125 5.113 2.249 0.06273
s(SOI) 1 1 7.952 0.00659
S(SST) 1 1 0.577 0.45088
s(Chla) 1.931 2.406 1.4 0.22497
s(Mud) 1 1 3.52 0.06575
s(OM) 1 1 8.239 0.00574
R?=0.48 Dev. Exp. = 56.2 %
e) TK
s(Year) 2.561 3.21 3.041 0.030563
s(SOI) 1.531 1.896 2.028 0.193403
s(SST) 1 1.001 14.92 0.000232
s(Chla) 1 1 0.743 0.391308
s(Mud) 1 1 3.636 0.060272
S(OM) 1 1 0.943 0.334563
R?=0.23 Dev. Exp. = 30.6 %
d) JB
s(Year) 4.864 5.989 11.303 0.000206
s(SOI) 1.328 1.582 0.175 0.706
s(SST) 1.326 1.586 1.56 0.31
s(Chla) 1 1 0.943 0.334
s(Mud) 1.433 1.748 1.627 0.174
s(OM) 1 1 1.676 0.199
R?=0.43 Dev. Exp. = 50.9 %

sediment chlorophyll a (positive), organic matter (negative), sediment
mud content (negative), and sea surface temperature (positive),
reflecting the combined influence of food availability, sediment char-
acteristics, and thermal conditions.

2. Materials and methods
2.1. Study area

The study was carried out in Mahurangi Harbour (Fig. 1). Mahurangi
is a 24.7 km? harbour located on the east coast in the North Island of
New Zealand [92,93], with intertidal flats ranging from fine muddy
sediments at the head of the harbour to coarse sands near the mouth.
Pastoral farming, lifestyle blocks, and forestry occur in the catchment
[92-94]. Macrobenthic data were collected from six sites (HL, CB, MH,
DC, TK, and JB; Table 1) throughout Mahurangi Harbour over a period
of 22 years (2000-2022). These six sites were positioned along a

gradient from inner to outer estuary. The estuary has a ~3 m tidal range
and twice-daily tidal flushing that thoroughly mixes the water column,
therefore, even the innermost arms of this estuary are generally nearly
full-strength seawater (>32 PSU) at high tide. None of the sites were
located in tidal creeks that might experience lower salinity seawater at
low tide after significant rain events.

2.2. Data collection

2.2.1. Biological data

Macrobenthic data collection, processing of samples, sorting, and
identifications followed standard protocols for New Zealand [95], with
strict quality assurance, quality control procedures, and taxonomic
harmonization [95-98], providing high confidence in the validity of
data comparisons over time. Samples were collected quarterly from
2000-2022 (Table 1). Briefly, 12 replicate sediment samples for
assessing macrobenthic fauna were collected during low tide at each site
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Table 5

Summary results of the GAM analyses assessing Functional Divergence. Chl a:
Chlorophyll a; Mud: Mud content in sediment; OM: Organic content in sediment;
SST: Sea Surface Temperature; SOI: Southern Oscillation Index, Significant in-
teractions are highlighted in bold.
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Table 6

Summary results of the GAM analyses assessing Functional Dispersion. Chl a:
Chlorophyll a; Mud: Mud content in sediment; OM: Organic content in sediment;
SST: Sea Surface Temperature; SOI: Southern Oscillation Index, Significant in-
teractions are highlighted in bold.

Functional Divergence

Functional Dispersion

edf Ref.df F P-value
a) HL
s(Year) 1 1 0.181 0.67197
s(SOD) 1 1 0.012 0.91292
s(SST) 2.626 3.241 5.618 0.00135
s(Chla) 1 1 1.46 0.23093
s(Mud) 1.214 1.394 0.844 0.30228
s(OM) 1 1 0.19 0.66416
R?>=0.18 Dev. Exp. = 26.7 %
b) CB
s(Year) 1 1 2.401 0.1282
s(SOI) 1 1 1.51 0.2253
s(SST) 1 1 4.472 0.0399
s(Chla) 1 1 0.031 0.8608
s(Mud) 1.454 1.783 1.552 0.2895
s(OM) 1 1 0.34 0.5627
R%=0.06 Dev. Exp. = 18 %
c¢) MH
s(Year) 6.067 7.212 18.566 0.000206
s(SOD) 3.244 4.025 1.077 0.354
s(SST) 1 1 2.274 0.136
s(Chla) 1 1 0.581 0.449
s(Mud) 3.399 4.257 1.638 0.169
s(OM) 2.182 2.737 0.51 0.539
R%=0.71 Dev. Exp. = 77 %
d) DC
s(Year) 1 1 2.302 0.13468
s(SOD) 1.492 1.835 0.724 0.56802
s(SST) 1 1 10.846 0.00169
s(Chla) 1 1 0.002 0.9692
s(Mud) 3.583 4.482 7.513 0.00004
s(OM) 1 1 2.015 0.16111
R?=0.50 Dev. Exp. = 56.8 %
e) TK
s(Year) 1 1 7.714 0.00688
s(SOD) 1 1 0.502 0.48088
s(SST) 2.061 2.575 1.029 0.29252
s(Chla) 1 1 0.004 0.9512
s(Mud) 1 1 0.736 0.3937
s(OM) 1.894 2.38 1.275 0.32952
R?=0.16 Dev. Exp. = 24.2 %
d) JB
s(Year) 6.61 7.777 3.442 0.00184
s(SOD) 1 1 3.998 0.04913
s(SST) 1 1 4.077 0.04696
s(Chla) 1 1 0.002 0.96673
s(Mud) 1 1 0.327 0.56915
s(OM) 1 1 1.146 0.28777
R?=0.31 Dev. Exp. = 40.9 %

edf Ref.df F P-value
a) HL
s(Year) 3.712 4.651 8.189 0.000009
s(SOI) 1 1.001 0.443 0.5083
S(SST) 2.673 3.281 2.58 0.0527
s(Chla) 1.535 1.892 0.403 0.6911
s(Mud) 1.555 1.894 1.372 0.3164
s(OM) 1.228 1.414 0.467 0.4716
R?=0.52 Dev. Exp. = 59.2 %
b) CB
s(Year) 1 1 14.015 0.000503
s(SOI) 1 1 0.003 0.95609
s(SST) 1.368 1.656 0.588 0.641609
s(Chla) 1 1 0.446 0.507413
s(Mud) 1 1 1.161 0.28683
s(OM) 1 1 0.214 0.645497
R?=0.35 Dev. Exp. = 43 %
c¢) MH
s(Year) 6.494 7.632 18.981 0.000206
s(SOI) 1.536 1.895 0.774 0.534
s(SST) 1 1 1.346 0.25
s(Chla) 1 1 0.17 0.681
s(Mud) 1 1 6.078 0.016
s(OM) 1 1 2.261 0.137
R%=0.67 Dev. Exp. = 71.9 %
d) DC
s(Year) 1 1 46.91 0.000206
s(SOI) 1.527 1.881 3.197 0.0378
S(SST) 1 1 1.402 0.2413
s(Chla) 1 1 0.473 0.4944
s(Mud) 3.571 4.462 8.597 0.00002
s(OM) 2.081 2.607 1.264 0.2527
R?=0.79 Dev. Exp. = 82.5 %
e) TK
s(Year) 1.359 1.624 1.466 0.1675
s(SOI) 1 1 1.9 0.1721
s(SST) 1.59 1.98 2.492 0.0759
s(Chla) 1 1 1.035 0.3122
s(Mud) 1.403 1.707 0.191 0.8299
S(OM) 2.611 3.284 1.543 0.1893
R?=0.12 Dev. Exp. = 22.1 %
d) JB
s(Year) 7.905 8.667 14.589 0.000206
s(SOI) 2.048 2.608 2.791 0.05252
s(SST) 1 1 7.703 0.00698
s(Chla) 1 1 0.014 0.90484
s(Mud) 1 1 0.073 0.78784
s(OM) 1 1 1.529 0.22015
R?=0.62 Dev. Exp. = 68.1 %

from mid-intertidal areas on each occasion (approximately every 3
months) across all years using a hand-held PVC corer (13 cm diameter by
15 cm depth), sieved through a 0.5 mm mesh size, and preserved in 70 %
isopropanol. Benthic macrofauna were sorted, identified to the lowest
possible taxonomic level (usually genus or species), and counted.

2.2.2. Environmental drivers

To evaluate the relationship between macrobenthic functional met-
rics and environmental drivers, we compiled data on five different
environmental variables with the potential to affect estuarine ecosys-
tems: three in situ sedimentary variables, an index of broad climato-
logical conditions, and an oceanic variable. Respectively, these variables
were sediment Chlorophyll a content (Chl a, mg/g), sediment Organic
Matter content (OM, %), sediment Mud content (Mud, % dry weight of
silt and clay particles <63 um), nearest monthly Southern Oscillation
Index value (SOI), and downscaled satellite-derived Sea Surface Tem-
perature (SST, degrees Celsius).

At the same sites and times as macrofaunal sampling, sediment
samples were collected for Chl a, OM, and sediment grain size using a
smaller PVC corer (26 mm diameter, 20 mm deep core). Each replicate
for Chl a, OM, and sediment grain size were an amalgam of six cores
collected at positions spanning the site [41,79,99].

Analytical procedures used for Chl a, OM, and Mud were specific to
each. Chl a was extracted from freeze dried sediments by boiling in 90 %
ethanol. The extract was measured spectrophotometrically, and an
acidification step was included to separate degradation products
(phaeophytin) from Chl a [100]. Data are expressed as mg Chl a per
gram of sediment. Organic matter content was determined by drying the
sediment at 60 °C for 48 h and then combusting it at 400°C for 5.5 h,
with OM expressed as percent dry weight lost on ignition. For sediment
grain size, samples were homogenised and then digested in ~ 9 %
hydrogen peroxide until frothing ceased. Samples were then wet sieved
through 2000 pym, 500 pm, 250 pm and 63 pm mesh sieves. Pipette
analysis [101] was used to separate the <63 um fraction into >3.9 pm
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Table 7

Summary results of the GAM analyses assessing Functional Redundancy. Chl a:
Chlorophyll a; Mud: Mud content in sediment; OM: Organic content in sediment;
SST: Sea Surface Temperature; SOI: Southern Oscillation Index, Significant in-
teractions are highlighted in bold.

Functional Redundancy

edf Ref.df F P-value
a) HL
s(Year) 3.922 4.924 8.824 0.000002
s(SOD) 1.452 1.782 0.327 0.775019
s(SST) 1 1 16.514 0.000125
s(Chla) 1 1 3.31 0.073144
s(Mud) 1 1 5.842 0.018261
s(OM) 1 1 0.463 0.498493
R%=0.62 Dev. Exp. = 67.23 %
b) CB
s(Year) 1 1 16.392 0.000206
s(SOI) 1.263 1.483 0.099 0.793413
s(SST) 1 1 11.25 0.001647
s(Chla) 1 1 1.116 0.296608
s(Mud) 3.089 3.83 3.474 0.020809
s(OM) 1 1 0.645 0.426314
R%=0.31 Dev. Exp. = 42.6 %
c¢) MH
s(Year) 4732 5.805 3.302 0.00647
s(SOD) 4.301 5.303 1.257 0.27202
s(SST) 1.002 1.004 0.148 0.70232
s(Chla) 1 1 0.778 0.38077
s(Mud) 1 1 7.488 0.00782
s(OM) 1 1 0.449 0.50486
R2=0.36 Dev. Exp. = 46 %
d) DC
s(Year) 1 1 4.992 0.0292
s(SOD) 1 1 0.069 0.7935
s(SST) 2.435 2.976 1.561 0.2056
s(Chla) 1 1 0.146 0.7036
s(Mud) 1 1 0.022 0.8834
s(OM) 1 1 0.022 0.8815
R?=0.106 Dev. Exp. = 20.5 %
e) TK
s(Year) 1 1 0.018 0.89497
s(SOD) 1 1 1.637 0.204464
s(SST) 1 1 14.141 0.000324
s(Chla) 1 1 0 0.99843
s(Mud) 1 1 0.527 0.470142
s(OM) 1 1 0.018 0.892277
R?=0.13 Dev. Exp. = 19.4 %
d) JB
s(Year) 3.145 3.929 19.574 0.000002
s(SOD) 2.194 2.775 1.165 0.38
s(SST) 1 1 0.002 0.962
s(Chla) 2.608 3.284 1.657 0.172
s(Mud) 1 1 0.315 0.577
s(OM) 1 1 0.591 0.445
R?>=0.54 Dev. Exp. = 60.2 %

and <3.9 um particles. All fractions were dried at 60°C until they
maintained a constant weight (based on weights at ~ 40 h and 48 h).
Percentage dry weights, relative to total subsample weight of gravel/-
shell hash (>2000 um), coarse sand (500-2000 um), medium sand
(250-500 pm), fine sand (62.5-250 pm), silt (3.9-62.5 ym) and clay
(<£3.9 pym) were calculated. Mud was the sum of the silt and clay
fractions.

Monthly Southern Oscillation Index (SOI) values were obtained from
the National Oceanographic and Atmospheric Administration (NOAA)
website (https://www.cpc.ncep.noaa.gov). We assumed all sites in the
estuary were exposed to the general climate pattern at the same time,
the same SOI time-series data were applied to all six sites within
Mahurangi Harbour (i.e., SOI values did not differ at the scale of sites
within a harbour). Monthly mean Sea Surface Temperature (SST) values
for Mahurangi Harbour were generated from satellite imagery (The
Copernicus Climate Change Service - https://climate.copernicus.eu/) by
extracting point-values from the grid-cell (4 km resolution) across
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Mahurangi Harbour in New Zealand. Like SOI, due to the scale of the
Copernicus data (4 km), the same SST values were assigned to all sam-
pling sites within the Harbour. Mean SST was used as an ecologically
relevant indicator of background thermal variability, as it reflects the
long-term regional warming trend influencing estuarine systems. While
short-term temperature extremes and tidal exposure can strongly affect
intertidal organisms, mean SST integrates broader oceanographic that
shape baseline environmental conditions over decadal timescales.

2.3. Data analysis

All the statistical analyses and derived plots were created using R
software [102]. Functional metrics were calculated using the package
‘FD’ [103] based on macrobenthic abundance (see summary details in
Table 1) and the selection of a suite of six functional traits and 27 traits
modalities. The selected functional traits describe behavioural,
morphological, and physiological attributes of the identified macro-
invertebrate organisms (Table S2), and constitute effects traits that are
directly and indirectly linked to ecosystem processes and functions un-
derpinning ecological redundancy and resilience (58,82,104]. Trait in-
formation was retrieved from The New Zealand Trait Database for
shallow-water marine benthic invertebrates (NZTD) [105]. The NZTD
utilises a fuzzy coding procedure, scoring each taxon from 0 to 1, with
0 being no affinity and 1 being high affinity to a trait (for details see
[105]). We followed the SAMT [106] and NZTD [105] guidelines for
allocating the trait information to each taxon, and when trait informa-
tion of a particular taxon was missing, trait information from the closest
phylogenetic taxon was used (see details in Table S3). A combination of
five functional metrics was used as a proxy of Functional Diversity, each
highlighting different components of the biodiversity [72,77,78]. The
five metrics were: (i) Functional Richness (FRic), which provides the
amount of functional space occupied by a community, i.e., the quantity
of traits that are expressed in a habitat [77,82]; (ii) Functional Evenness
(FEve), which describes how consistently the taxa abundance is
distributed across the expressed traits inside the functional space [77];
(iii) Functional Divergence (FDiv), which measures the degree the
abundance of a community is distributed toward the extremities of the
occupied functional trait space [71,77]; (iv) Functional Dispersion
(FDis), estimated as the mean abundance of the community in the trait
space [76]; and (v) Functional Redundancy (FR), the ratio between FD
and Shannon diversity index-H’ (FD/H’), which was used for investi-
gating the expression of traits that were less common in the available
functional space to assess trait expression stability of ecosystem func-
tioning in the studied estuary. H’ data were calculated from the raw
macrobenthic data. Note that when the ratio of FD: H> decreases, FR
increases and vice versa [82,107].

Collinearity among environmental drivers was assessed using
Spearman correlation coefficients (Fig. S1) using the package “corrplot™
[108] and Variance Inflation Factor (VIF) statistics using the package
“car” [109] (Table S1). There was little to no collinearity in the envi-
ronmental drivers used (e.g., VIF <3), thus all environmental drivers
were able to be used together in subsequent analyses. Generalised Ad-
ditive Models (GAMs) were employed to evaluate the temporal trends in
the environmental variables Chal a, OM, Mud content, SOI, and SST
using the “mgev” [110,111] and “ggplot2” [112] packages in R
software.

To evaluate the relationship between each macrobenthic functional
metric (i.e., FRic, FEve, FDiv, FDis, and FR) and the five environmental
drivers (Chl a, OM, Mud, SST, SOI), plus variation over time (Years), we
employed Generalised Additive Models (GAMs) coded using the “mgcv”
[110,111] and “ggplot2” [112] packages. Individual GAMs (i.e., one per
site), were constructed using the residual maximum likelihood method
(REML) and formula “y~s(x1) + s(xn) + €” to best fit the observations
[111]. Backward, forward, or stepwise techniques to determine final
models were not used, rather we used all six potential environmental
predictors in each GAM. Despite potential overfitting and collinearity,
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Fig. 4. Summary results of GAMs by site in Mahurangi Harbour. Partial residual plots indicating the direction of relationships between Functional Richness and
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our aim was to evaluate responses using the same set of explanatory
variables in all cases for comparative purposes. We were able to rule out
collinearity by checking that variance inflation factors were always <3,
and model evaluation did not show any overfitting. Partial regression
residual plots, as a mean of GAM summary visualisation, were used to
evaluate effects of individual predictors on responses while accounting
for the effects of the other five variables using the R packages “gratia”
[113] and “sjPlot” [114].

3. Results
3.1. Patterns of environmental drivers

The environmental drivers analysed varied over time and across sites
(Figs. 2, 3). GAMs indicated upward trends over time in Chl a (~4 mg/g

on average) at all sites, with the trends significant at HL, CB, and JB
(Table 2, Fig. 2a). The Chl a record showed three periods, each roughly
ten years apart, with slightly elevated values (2000-2002, 2010-2012,
and 2020-2022). Chl a was highest at sites HL and CB in the inner es-
tuary, while Chl a was lowest at site JB, located closest to the mouth
(Fig. 2a). Organic matter (OM) content also varied by site over time
(Table 2, Fig. 2b). The highest OM content was observed at site HL in the
inner estuary, and the lowest OM was recorded at site DC, the furthest
towards the mouth (Fig. 2b). GAMs showed OM to significantly increase
over time at all sites except at CB site (Table 2, Fig. 2b). Sediment mud
content (Mud) was highest at site HL in the upper estuary and lowest at
site JB near the mouth (Fig. 2c). Sediment mud content increased over
time at all sites, with significant increases at three of the six sites
(Table 2, Fig. 2c).

The expected seasonal cyclicity in Sea Surface Temperature (SST)
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was observed, with warmer SST in summer and colder SST in winter
every year (Fig. S2). The SST time series revealed an approximately 1°C
increase in average SST in the harbour between 2000 and 2022 (Table 2,
Figs. 3a, §2). The increase in SST over time was statistically significant
for ‘autumn only’ data (Table 2, Fig. 3a) and ‘one-year running mean’
SST data (Fig. S2). Seasonal variability (~15° to 22°C) overwhelmed the
smaller long-term increasing trend (~1°C) when raw SST values were
analysed without smoothing or seasonal grouping. The Southern Oscil-
lation Index (SOI) exhibited alternating periods of El Nino and La Nina
conditions (Fig. 3b). In New Zealand, El Nino generally corresponds to
warmer dryer weather, with La Nina corresponding to colder and wetter
weather. Despite being an oscillating phenomenon, the GAM for the 22-
year period analysed revealed increasing SOI over time (i.e., relatively
more of the warmer El Nino conditions in the latter part of the time-
series; Table 2, Fig. 3b).

3.2. Drivers of estuarine macrobenthic functional metrics

GAMs revealed the influences of the six environmental predictors on
the five functional metrics (Tables 3-7, Figs. 4-8). In total, thirty GAMS
were run (6 sites x 5 functional metrics), each with the same set of six
predictors (Year, Chla, mud, OM, SST, and SOI). Each predictor was
significant in at least three GAMs, except Chl a which was not significant
in any model. The temporal variable (Year) and SST were significant the
most often (17 and 12 models each, respectively), followed by Mud (7
models). SOI was only significant in three GAMs (Figs. 4-8). Across sites,
significant effects of temporal and environmental drivers on functional
metrics were observed most often at DC (11 times), followed by MH (9
instances), and HL, CB, and JB sires with 8 instances each.

Overall, Functional Richness (FRic) was significantly influenced by
Year, OM, Mud, and SST drivers (Table 3, Fig. 4). Multiple responses of
FRic to temporal and environmental drivers were identified. For
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example, FRic tended to increase over time in five of the six sites ana-
lysed (Fig. 4). FRic significantly decreased when Mud content in sedi-
ment was above 20 % at MH (Fig. 4). Increasing OM also contributed to
decreased FRic at site DC, but increased FRic at TK. FRic at sites HL, CB,
DC, and TK decreased with increasing SST (Fig. 4).

Functional Evenness (FEve) was significantly influenced by Year,
OM, SST, and SOI at least once at each of the study sites (Table 4, Fig. 5).
FEve significantly decreased over time (Fig. 5). FEve significantly
decreased with increasing OM at sites MH and DC, and increasing SST at
site HL. In contrast, FEve values increased with increasing SST at site TK
and increasing SOI at site DC (Fig. 5). Functional Divergence (FDiv) was
influenced by most of the temporal and environmental drivers except
Chl a and OM (Table 5, Fig. 6). Similar to FRic, FDis tended to increase
over time (Fig. 6). Mixed responses were also identified, for example,
FDiv significantly increased with increasing Mud at DC; decreased with
increasing SST at sites HL, CB, DC, and JB; and increased with increasing
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SOI at site JB.(Fig. 6).

Functional Dispersion (FDis) followed a similar pattern to FDiv,
responding to the influence of Year, Mud, SST, and SOI, while influences
of Chl a and OM were not detected (Table 6, Fig. 7). FDis was affected by
changes in temporal and environmental variables at five of the six sites,
with some mixed responses identified. For example, FDis significantly
increased over time at sites DC and JB, but tended to decrease at sites
HL, CB, and MH. FDis also showed decreasing trends with increasing
Mud at site MH and DC (Fig. 7). Yet, a relatively consistent response to
SST was identified, for example FDis significantly decreased with
increasing SST at JB (Fig. 7). Functional Redundancy (FR) showed a
similar pattern to FDiv and FDis, with Year, Mud, and SST influencing FR
(Table 7, Fig. 8). FR tended to significantly decrease over time at sites
HL, CB, MH, and JB, but increased over time at DC (Fig. 8). The influ-
ence of Mud on FR was consistent; FR significantly decreased with
increasing Mud at HL, CB, and MH, and increased with increasing SST at
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sites HL, CB and TK (Fig. 8).
4. Discussion

Climate change is affecting estuarine ecosystems in multiple ways,
generating a mix of direct and indirect influences, some that may be
stressors and some that may positively impact estuarine biota and
functions. Our exploration of estuarine environmental variables over a
22-year period at six sites in Mahurangi Harbour highlighted three
general trends: increasing sea surface temperatures (satellite-derived
SST), increasing sediment food supply (Chl a and OM), and increasing
bed sediment muddiness (percent mud content). The SST trend is
consistent with the relative rapid increase in planetary temperatures
observed over the last 20 years [5,8], and reports of increased marine
heat wave activity in New Zealand during the same period [115-117].
Yet there is considerable local scale variation in sea surface temperature
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and warming trends may not be detectable in all estuaries in New Zea-
land [118-121].

We interpret the increasing trends in Chl a observed at several
sites—an indicator of increased abundance of microphytobenthos—as a
positive indirect effect of long-term warming, which is consistent with
previous studies [52,122-124]. For macroinvertebrate communities, the
higher sediment Chl a content is likely to be indicative of higher primary
food supply [125,126], which would contribute positively to macro-
fauna populations via enhanced fitness and reproductive output, as
observed in a previous study in NZ showing increasing macrobenthic
patterns (i.e. abundance, richness) over time influenced by Chl a con-
centrations [59].

During the past 20 years, catchments surrounding Mahurangi
Harbour have been rapidly transitioning from pastoral to suburban.
Changes in land-use and concomitant erosion of sediments from catch-
ments have been cited as causes of increased terrigenous sediment
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loading to this estuary [41,42,92]. Furthermore, the increase in fre-
quency and intensity of climatic events, such as cyclones, storms, and in
general increased precipitation, can modify river discharge and water
flow, resulting in increased sediment deposition and alteration of sedi-
ment characteristics in estuarine ecosystems [27,127,128]. Trends of
increasing bed sediment muddiness observed at sites throughout the
estuary from 2000-2022 are consistent with increased terrigenous
sediment loading, and mud is widely viewed as a major stressor in the
system. Accordingly, macrobenthic abundance and richness decreased
at some sites in Mahurangi Harbour with increasing sediment muddiness
[59,129]. We cannot determine whether increased storm frequency and
intensity has already accelerated the increase in muddiness of estuarine
habitats within Mahurangi Harbour, but a recent study across two es-
tuaries in New Zealand showed increases in estuarine muddiness after a
cyclone with effects on the macroinvertebrate communities [128]. Thus,
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we consider increasing sediment mud content to be an indirect delete-
rious climate-related driver of macrobenthic functional redundancy and
resilience.

A primary motivation for the study was to determine the simulta-
neous effects of multiple climate-related drivers on estuarine macro-
benthic functional redundancy and resilience. We had high-quality time-
series data to work with, and an ability to calculate Functional Diversity
statistics using a recently published traits database [105]. Previous in-
vestigations have focused on responses of macrobenthic abundance,
taxonomic richness and community structure to individual and com-
bined environmental drivers (e.g., [59,129-131]). Here, however, we
focused on investigating responses of five functional metrics to multiple
environmental drivers to gain insights into macrobenthic functional
change as CO; emissions and temperatures continue to rise.

Results of our study showed that most of the macrobenthic functional
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metrics (FRic, FDis, FDiv, FR) assessed increased over time, except FEve,
which decreased over time. Our findings provided mixed support for our
hypotheses. We predicted positive effects of sediment chlorophyll a on
functional metrics, yet we did not find significative evidence supporting
this prediction. Despite the lack of statistically significance from or
models, general trends showed increases in functional metrics with
increasing Chl a. These patterns likely reflect changes in food avail-
ability in the system, with increased macrobenthic functionality (i.e.,
FRic, FEve, FDiv, FDis, FR) as response to greater amounts of food [59,
132].

Evidence of the negative effects of organic matter and mud content in
sediment on functional metrics was mixed. OM showed a significant
negative effect on FRic and FEve at the MH and DC sites but a positive
effect on FRic at TK. OM is also related to macrobenthic food supply
consumed primarily by deposit feeders and grazers [87,125,132,133].
Positive effects on FRic (increased FRic with increasing OM) could be
explained as a response to increased food availability that can occur
especially when OM content is present at low to moderate levels [132,
134], while negative effects of OM on FRic and FEve could be the
response of excessive organic matter content (>5 %), promoting the
onset of eutrophication symptoms [42,130,132] that negatively impact
macrobenthic functioning.

Mud had a significant negative effect on FRic, FDiv, FDis, and FR at
the inner harbour sites HL, CB, MH, and DC. Macrobenthic functional
metrics declined with increases in sediment mud content above ~10 %
at most of the sites across Mahurangi harbour . This is consistent with
prior studies in New Zealand suggesting reduced macrobenthic abun-
dance and richness beyond certain thresholds in bed sediment muddi-
ness [41,42,59,129,130]. FR was the functional metric most negatively
affected by Mud (three of six sites), suggesting reduced resilience at
these sites due to the elevated content of mud in sediment which is
consistent with previous literature [42,135,136].

We also hypothesised positive effects of SST on macrobenthic func-
tional metrics, but our findings provided mixed support for this pre-
diction as well . SST had negative effects on all functional metrics, FRic
and FDiv at four of the six sites, FR at three of six sites, and FEve and FDis
at one site, while the only positive effect was identified on FEve at one
site. These findings consistently suggest a negative effect of increasing
SST on resilience. Increases in SST could affect the morphology, life
history, abundance, and distribution of benthic organisms [131,
137-139] that are less adapted to the warming temperatures, which
could explain the negative effects of SST identified in our study. Yet, the
net result of higher FRic over time could stem from increasing expres-
sion of macrobenthic functional traits adapted for increasing tempera-
tures, i.e., increased abundance, diversity and number of taxa, which
aligns with findings in previous studies (e.g., [59,83,140]). In contrast,
the general trend of decreasing FD/H’ over time, reflected as increasing
FR, could be related to SST causing macrobenthic communities to ex-
press a wide range of functional traits that are resistant or better adapted
to global warming

The position of sites in the estuary also appeared to influence results.
Higher FRic was found in sites located in the outer section of the estuary
(near the mouth), while lower FRic was identified in sites in the inner
part of the estuary. The main river tributary delivering sediment to
Mahurangi Harbour enters in the innermost section, and sites in the
inner harbour are generally much muddier than those near the mouth.
Site dependent results have been previously reported in other marine
and estuarine systems, which were attributed to specific environmental
conditions and benthic habitat characteristics such as organic matter
content in sediment, and sediment particle size distribution [80,82,90,
131,141].

Functional Evenness (FEve), i.e., the consistency of the taxa abun-
dance and traits expressed in a functional space, showed a decreasing
pattern in all the studied sites over time, which suggested high vari-
ability in macrofauna abundance and their functional traits over time
[71,72,77]. FEve did not vary temporally but differed between inner and
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outer harbour sites. In contrast, Functional Divergence (FDiv), i.e., the
abundance outliers in a functional space, increased over time at half of
the studied sites. Within-site variability in FDiv was less evident in
recent years, suggesting a homogenisation in abundance and traits
expressed over time [71,72,77]. The mean distance between species
within a community in a functional space, i.e., Functional Dispersion
(FDis) was mixed across sites and showed a pattern of functional ho-
mogenisation over time, suggesting that the species and trait expression
became more similar within communities over time [76].

The ratio of FD/H’ decreased over time at almost all of the study sites
(five of six), indicating a trend of increasing Functional Redundancy
(FR). High FR indicates that multiple taxa are occupying the available
functional trait space, and that the diversity of functional traits is higher.
It has been suggested that the greater the number of taxa and functional
traits expressed in an ecosystem, the greater probability of taxa and
traits to persist and maintain ecosystem functioning in the face of in-
dividual species losses [82,107,142,143]. Thus, the macrobenthic
functioning present in Mahurangi Harbour may be slightly more resil-
ient and more likely to maintain ecosystem functioning now, relative to
the early 2000s, with the net overall increase of FR over time driven
predominantly by the influence of increasing tidal flat food supply (Chl
a, OM) overriding the negative effects of increasing Mud and SST.

Although our study advances understanding of long-term changes in
estuarine macrobenthic functionality, it is important to highlight the
omission of certain broad-scale climatic drivers. Climatic variables such
as air temperature, pH, sea level rise, and precipitation could be also
driving the long-term macroinvertebrate functional patterns observed,
yet we were not able to include these climatic drivers due to the absence
of consistent, high-resolution data spanning the full temporal and spatial
extent of our study. Instead, we focused on five environmental variables
(e.g., sedimentary, climatological, oceanic) as proxies of climatic vari-
ability that reportedly influence macroinvertebrate communities and
ecosystems functions. However, these parameters capture only part of
the environmental complexity associated with climate change.
Furthermore, the outcomes presented in our study showed the long-term
patterns in estuarine macrobenthic functional metrics, and detailed in-
dividual traits or species-specific contributions and dynamics over time
were not fully explored. We suggest that future research could incor-
porate a wider range of climatic variables combined with high-
resolution monitoring of individual functional traits will be crucial to
better understand how temporal variation in macroinvertebrate func-
tionality contributes to ecosystem functioning, redundancy, and resil-
ience in response to climate change.

5. Conclusion

Our investigation assessing temporal and environmental relation-
ships with macrobenthic functional metrics over 22 years suggested
trends of increasing SST and sediment muddiness, which influenced the
macrobenthic functional diversity in the studied estuary. Global
warming, extreme weather, and heat spikes exacerbate desiccation and
thermal stress to intertidal macroinvertebrates which are likely to be
deleterious in the short-term. However, our data provides evidence that
some macrobenthic organisms, based on our analysis of functional
metrics, may be increasingly resilient and adaptable, rather than
increasingly depauperate and functionally impacted, as sea surface
temperatures rise.
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