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ABSTRACT

There is substantial evidence that biodiversity

underpins ecosystem functioning, but it is unclear

how these relationships change with multiple

stressors in complex real-world settings. Coastal

zones are affected by numerous stressors (for

example, sediment input and nutrient runoff from

land) and the cumulative effects of these stressors

may result in pronounced and unexpected changes

in the functioning of ecosystems. To investigate the

cumulative effects of turbidity and elevated nutri-

ents on coastal biodiversity-ecosystem functioning

relationships, we performed a large-scale field

experiment manipulating in situ sediment porewa-

ter ammonium concentrations and measured mul-

tiple ecosystem functions related to carbon fixation

and mineralisation in 15 estuaries with varying le-

vels of turbidity. The results indicated that the ben-

thic macrofauna diversity (species richness,

abundance, and functional richness) declined with

increased porewater ammoniumconcentrations and

there were clear thresholds in light levels at the

seafloor in relation to the biodiversity-ecosystem

function relationships. Multifunctionality indices

(an integrated index of all measured functions) in

moderately turbid and turbid estuaries (daily mean

seafloor PAR < 420 lmol m-2 s-1) decreased with

the loss of macrofauna biodiversity. Functioning in

low-turbidity estuaries (daily mean PAR > 420

lmol m-2 s-1) however remained relatively con-

stant, suggesting that they were more resilient

against the nutrient-induced biodiversity loss. Our

results demonstrate that ecosystems already stressed

by stressors that alter functional performance (tur-

bidity) may be more prone to loss of overall func-

tioning if biodiversity is reduced by another stressor

(nutrient enrichment), highlighting the potential

snowballing effects of cumulative change.
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HIGHLIGHTS

� Nutrient-induced biodiversity loss in turbid estu-

aries reduced benthic functioning
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� In low-turbidity estuaries, benthic functioning

was resilient to biodiversity loss

� Impacts of biodiversity loss increase in estuaries

experiencing multiple stressors

INTRODUCTION

Alarming rates of global biodiversity loss have in-

creased the need to assess the relationship between

biodiversity and ecosystem function and service

delivery (Cardinale and others 2012; Balvanera and

others 2014; IPBS 2019). Knowledge regarding

biodiversity-ecosystem function relationships has

significantly increased during recent decades

through various experiments that have included a

range of taxa, trophic levels, habitats, and ecosys-

tem functions (for example, Balvanera and others

2006; Gamfeldt and others 2015; Lefcheck and

others 2015; van der Plas 2019; Lam-Gordillo and

others 2020). There is thus a substantial amount of

evidence that biodiversity is important for ecosys-

tem functioning, but much of the research has

been limited to small-scale experiments with low

species diversity, single functions, and constrained

environmental conditions (that is, in a controlled

laboratory setting or one place and time; Snelgrove

and others 2014). Such constrained experiments

are highly context dependent and lacking gener-

ality with uncertainties in how these relationships

change along spatial and temporal environmental

gradients and particularly how they respond to

multiple stressors (Thrush and Lohrer 2012; Brooks

and Crowe 2019; O’Brien and others 2019). In

times of rapid environmental change and a biodi-

versity crisis, there is a need to further resolve the

types of biodiversity-function relationships that are

generated by a multitude of complex connections

between diverse species and functions that exist in

natural ecosystems.

Often the relationship between cumulative

stressors and ecological responses is not well re-

solved, but at the heart of responses are the inter-

actions between taxa, processes, and the abiotic

environment. Further complexity is added by the

fact that ecosystems simultaneously provide many

functions (that is, multifunctioning; Byrnes and

others 2014; Manning and others 2018). Thus,

studying biodiversity-multifunctioning relation-

ships in ecosystems with diverse functions, species

and connections informs a more general under-

standing of how ecosystems respond and can be

resilient to stress (Siwicka and others 2020; Siwicka

and others 2021). This type of ecological knowl-

edge is needed to inform the potential for cumu-

lative effects of multiple stressors, information that

is critical to environmental management (Hewitt

and Thrush 2019). Despite the important role of

biodiversity and ecosystem function in under-

standing resilience to stress, there are few examples

that link biodiversity to multiple functions and

explore how these relationships change with stress

in real-world settings (but see for example, Brooks

and Crowe 2019). Here, we analysed data from a

large-scale coastal marine field experiment that

measured intertidal soft-sediment species diversity

and multiple functions across two stressor gradi-

ents, turbidity and nutrient enrichment. Our study

aimed to explore how biodiversity-ecosystem

function relationships change over gradients of

stress.

Coastal ecosystems are heavily impacted by

many stressors originating from land-based activi-

ties, such as agriculture, horticulture, urban

development, and forestry (Halpern and others

2015). Nutrient and sediment loading into coastal

ecosystems have emerged as major drivers of

coastal ecosystem degradation (Nixon 1995; Levin

and others 2001; Valiela and Bowen 2002). These

two stressors have multiple ecological effects that

generate complex responses when they co-occur.

Sediment runoff results in increased turbidity in

the water column, and the turbidity hinders light

from reaching the seabed which alters benthic

primary production and thus have cascading effects

on ecosystem carbon budgets and food webs (Miller

and others 1996; Duarte and others 2005; Chris-

tianen and others 2017). Increasing nutrient addi-

tions in low concentrations can have positive

effects on primary production, particularly in olig-

otrophic nutrient limited waters, but at higher

concentrations, nutrients can cause eutrophication,

changes to organic matter quality and quantity,

hypoxia and ammonia toxicity which will change

the functioning of the ecosystems as well as alter

the macrofaunal communities (Kohn and others

1994; Douglas and others 2017; Thrush and others

2017; Breitburg and others 2018). The multiple

effects of these two stressors on both the biota and

the biogeochemical cycles result in changes to the

linkages between species, environmental proper-

ties, and processes (biogeochemical and primary

production).

The benthic macrofauna play a central role in

regulating how the ecosystem functions as many of

them alter sediment biogeochemistry and the ex-

change of solutes and particles across the sediment

water interface (Kristensen and others 2012;

Volkenborn and others 2012; Vanni and McIntyre

2016). The specific functional role that each species
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has on the ecosystem depends on its functional

traits: location in the sediment (surface or deep), its

movement (upwards, downwards, sideways), and

feeding behaviour (for example, suspension or de-

posit feeding). Bioturbation, by macrofauna that

mix or irrigate the sediment with their movements,

enhances microbially driven remineralisation pro-

cesses through oxygenation of the sediment as well

as transport of particles and solutes within the

sediment and across the sediment–water interface

(Glud 2008; Kristensen and others 2012). Their

activities are thus tightly linked to enhanced ben-

thic primary production in oligotrophic systems

through the release of porewater nutrients from

deeper sediments (Lohrer and others 2005; Jones

and others 2011; Lohrer and others 2015).

The multitude of different macrofauna species,

that make up benthic community diversity, has

different effects on their surroundings and func-

tioning, which means that context dependencies in

stressor impacts on function are likely to vary

depending on the resident community and which

species are lost (Gladstone-Gallagher and others

2019; Hewitt and others 2019). A diverse commu-

nity is more likely to have functional redundancy

(that is, species that can substitute for each other),

and the communities’ response diversity is also

important for promoting functional resilience (that

is, diversity of responses among species that con-

tribute to the same function) (for example, Walker

1992; Yachi and Loreau 1999; Mori and others

2013). Concepts like response diversity and func-

tional redundancy that occur in diverse commu-

nities complicate biodiversity-ecosystem function

relationships, because in the real-world species and

corresponding functional losses are nonlinear (Ha-

gan and others 2021).

Despite an impetus to develop biodiversity-

ecosystem functioning studies from smaller to lar-

ger scales within real-world settings, empirical

knowledge of multiple stressor effects on the rela-

tionships remains scarce especially in marine

ecosystems (Gamfeldt and others 2015; Lefcheck

and others 2015; Brooks and Crowe 2019; O’Brien

and others 2019). Moreover, there is also a need to

move away from measuring impacts of biodiversity

loss on single functions and use methods that

incorporate the complexity of ecosystems that are

underpinned by many interacting functions (Byr-

nes and others 2014; Dooley and others 2015;

Manning and others 2018; Siwicka and others

2020; Siwicka and others 2021). One way of

approaching this challenge is to utilise multifunc-

tionality indices to link univariate measures of

functioning to biodiversity measures (Hooper and

Vitousek 1998; Byrnes and others 2014) within

different environmental conditions. Manipulative

experiments embedded in natural heterogeneous

habitats can be valuable to advance our under-

standing of ecosystem function and multiple stres-

sor effects (Bracken and others 2008; Snelgrove

and others 2014; Thrush and others 2021).

To advance understanding of how biodiversity

ecosystem function relationships are altered by

stressor interactions, we undertook a large-scale

field experiment. Porewater nitrogen concentra-

tions were manipulated at 23 sites in 15 estuaries

across New Zealand with different availability of

light at the seafloor to quantify effects on biodi-

versity and ecosystem multifunctionality. The sites

were carefully chosen to encompass a wide gradi-

ent of turbidity, but also to only include sites where

populations of large shellfish occurred, indicating

that sites were in similar habitats and not severely

degraded. With this design and site selection of

systems differently affected by turbidity, we aimed

to specifically examine the ecosystem responses

when adding a second stressor, nutrient enrich-

ment, and subsequently to generalise the patterns

of cumulative effects of multiple stressors on an

intertidal ecosystem before the system has totally

collapsed. We expected that the form of the biodi-

versity-ecosystem function relationships would

change with the stressor gradients, but due to the

heterogeneous environmental settings and poten-

tial complex interactions, the forms of those rela-

tionships could not be hypothesised a priori.

MATERIAL AND METHODS

Study Design

Sediment runoff from land is a large threat for

coastal ecosystems in New Zealand (Morrison and

others 2009; MacDiarmid and others 2012) and the

turbidity in the water column is mostly caused by

sediment input (a function of land use, soil type,

climate and topography) and further resuspension

of previously received sediment (for example, Vant

and others 1990). Across the length of New Zeal-

and, 23 sites in 15 estuaries encompassing a vari-

ation in water column turbidity (range of daily

average seafloor light intensity 134–712 lmol

photons m-2 s-1) were identified (Figure 1). The

study estuaries were all relatively oligotrophic with

low water column nutrient concentrations (at the

time of sampling NH4
+ 0.04–2.8 lmol l-1, NOx and

P mostly below detection limits). The sites were

located in sandy mid-intertidal sediments with

natural densities of the bivalves Macomona liliana
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and Austrovenus stutchburyi. The sites were specifi-

cally chosen so that these functionally important

species were present, indicating sites are in similar

habitats and not heavily degraded (Clark and oth-

ers 2020).

At each site, porewater nitrogen concentration

was manipulated in nine 9-m2 plots. Three plots

were allocated to each treatment: medium nutrient

addition 150 g N/m2, high nutrient addition

600 g N/m2, and procedural controls (no nutrient

addition). In the nutrient addition plots, nitrogen

(urea) was added uniformly into the sediment

through injection of a slow-release fertiliser (40–0-

0 N:P:K, Nutricote Chisso-Asahi Fertilizer Co., Ltd,

Tokyo, Japan). The injection of the fertiliser at the

depth of 15 cm elevates the porewater ammonium

concentrations for extended periods, thus simulat-

ing the effects of porewater enrichment due to

long-term eutrophication but not necessarily the

processes of increased organic matter decomposi-

tion (Douglas and others 2016; Douglas and others

2018). The nutrient enrichment treatments modi-

fied benthic macrofauna communities without

driving them to extinction (see Results and Douglas

and others 2018). All sites and experimental plots

were established in March–April 2017 and left

undisturbed for seven months before sampling

sediment properties, macrofaunal diversity metrics

and ecosystem functions in October–November

2017, which is springtime in New Zealand. The

experimental plots were left for seven months to

provide time for recovery from the initial set up, for

the added nitrogen to diffuse through the sediment

and for the ecosystem to respond. Further details of

this study’s design and sampling can be found in

Thrush and others (2021).

Sampling and Data Collection

Environmental Variables

Photosynthetically active radiation (PAR) was log-

ged at each site for the duration of the experiment

to quantify seafloor light intensity. The attenuation

of light through the water column to the seafloor is

affected by water column turbidity, and seabed

PAR levels affect rates of photosynthesis by benthic

primary producers. Odyssey� Light loggers mea-

sured PAR every 10 min at 10 cm above the sedi-

ment surface for 8 months. After the experiment,

PAR data during daylight periods of tidal immer-

sion (± 2 h of high tide) were summarised into

daily averages, and then, these daily averages

averaged for each site (hereafter called mPAR);

data presented in Mangan and others 2020). The

nights were excluded through removal of times

when PAR was 0 lmol photons m-2 s-1.

Sediment characteristics were sampled in each

plot by pooling five sediment cores (2.6 cm diam-

eter, 2 cm deep) for analysis of sediment chloro-

phyll a, grain size, and organic content. An

additional four sediment cores (2.6 cm diameter)

were taken from each plot for analysis of porewater

ammonium concentration at two depths (0–2 cm

and 5–7 cm). These depths were selected to quan-

tify the nutrient concentrations above and below

the redox potential discontinuity layer, and to en-

sure that the added nutrients had diffused upwards

through the sediment. Sediment was frozen and

later analysed for sediment chlorophyll a, grain

size, organic content and porewater ammonium

concentrations using standard techniques for sedi-

ment analysis in intertidal soft-sediments (see

Figure 1. A map of the 15 study estuaries across New

Zealand, with the number of sites within brackets if more

than one per estuary: WGR (2), Whangarei Harbour;

WTA, Whangateau Harbour; MAH (3), Mahurangi

Harbour; WHI (2), Whitianga Harbour; MNK (2),

Manukau Harbour; RAG, Raglan Harbour; TAU (2),

Tauranga Harbour; DEL, Delaware Inlet; WMA, Waimea

Inlet; AVO, Avon-Heathcote Estuary; AKA, Akaroa

Harbour; BLU, Blueskin Bay; WKW (2), Waikawa

Estuary; NEW, New River Estuary; JAC (2), Jacobs

Creek Estuary. The coloured circles indicate the

turbidity group sites belongs to; clear (white),

moderately turbid (grey), turbid (black). Estuaries with

multiple sites belonging to different light groups are

indicated with different colours within the circle.
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Thrush and others 2021 for details). We focused on

measuring the porewater concentration of ammo-

nium to quantify the treatment effect (that is, urea

hydrolyses to ammonium), nitrate, nitrite, and

phosphorous concentrations were however also

measured in the porewater but not reported here

due to being very low and mostly under the

detection limits.

Biodiversity Measures

From each plot, two macrofauna cores (13 cm

diameter, 15 cm deep, total area 0.026 m2) were

pooled, sieved on a 500-lm mesh and preserved in

70% isopropyl alcohol. The fauna were stained

with Rose Bengal, sorted and identified. The deeper

depth of the macrofauna cores, compared to the

sediment and porewater samples, was used to en-

sure that all individuals were captured, the major-

ity of the benthic macrofauna are however living in

and affecting the sediment surface layers. To link

biodiversity to the measured ecosystem functions,

we calculated total number of species (S) and total

abundance (N, number of individuals) per two

cores (0.026 m2) per experimental plot, as well as a

measure of functional richness (FRic; Villéger and

others 2008; Laliberté and Legendre 2010). FRic
calculations were based on known biological traits

of the taxa, which are expected to affect reminer-

alisation processes in the sediments by pumping

pore water, moving sediment particles and organic

matter, and changing sediment topography (Villnäs

and others 2012; Volkenborn and others 2012;

Woodin and others 2016). These traits included

categories of living position, sediment topographic

features created, direction of sediment particle

movement, motility, feeding behaviour, body size,

and body shape (see Appendix 1 for traits and

modalities used). As all the traits were numeric

(probabilities with values ranging from 0 to 1), they

were standardised to mean of 0 and unit variance

and functional diversity was run based on Eu-

clidean distances. Dimensionality reduction oc-

curred with only the first 10 axes retained. FRic
output values were not standardised by the ‘global’

FRic to run between 0 and 1. The FRic calculations

were performed using the dbFD package in R

(Laliberté and others 2014).

Ecosystem Functions

We measured the rates of several processes that we

use as proxies for ecosystem functions in each

experimental plot (9 plots per site). Oxygen fluxes

across the sediment–water interface were measured

in situ using benthic chamber incubations. All

incubations were performed on sunny days with

mid-day high tides, to accommodate sampling at all

sites this occurred over a five week period (26th

October—27th November 2017) 7 months after the

experiment was set up. In each experimental plot,

two square metal frames (50 9 50 9 15 cm height)

were pressed down 5 cm into the sediment at low

tide. During the incoming tide, at water depths of

approximately 50 cm, the chambers were sealed

with transparent acrylic domes fixed to the metal

frames, enclosing about 40 l of ambient seawater

overlying the sediment. One chamber was covered

with an opaque shade cloth in order to prevent

light from entering the chamber (dark treatments)

and the other was left uncovered to allow light to

reach the seabed (light treatments). The chambers

were incubated for approximately 4 h over a mid-

day high tide. Water samples (1 9 60 ml) were

collected through sampling ports at the start and

the end of each incubation so that we could cal-

culate a change in oxygen concentration in the

water over 4 h (that is, a flux into or out of the

sediment through time). The oxygen concentration

in each water sample was measured with an optical

probe (ProODO YSI, Yellow Springs, Ohio, USA),

and the fluxes were calculated as (Cend–Cinitial 9 V)/

A 9 t, where C is the oxygen concentration (lmol

l-1), V is the volume of seawater inside the cham-

ber (l), A is the area of sediment enclosed by the

chamber (m2), and t is the incubation time between

initial and final samplings (h). The oxygen fluxes

measured in the darkened chamber represent

benthic respiration without photosynthesis,

whereas the resulting fluxes from the light cham-

bers represent net primary production (NPP)

through photosynthesis. For further analyses with

ecosystem functions, the dark chamber oxygen flux

(that is, the respiration) was inverted to positive

values and hereafter called sediment oxygen con-

sumption (SOC). Gross primary production (GPP)

was estimated as the sum of NPP and SOC in spa-

tially paired chambers (paired by plot).

To measure rates of organic matter degradation

at different sediment depths in the experimental

plots, we used rapid organic matter assays (ROMA

technique; O’Meara and others 2018). These assays

involve the preparation and deployment of acrylic

plates with 0.9 ml wells arranged in three vertical

rows. The plates are inserted into the sediment

with the wells corresponding to sediment depths of

1, 3, 7, 10, 15 cm into the sediment. Each well was

filled with a 0.026 g C ml-1 mix of food grade agar,

microcrystalline cellulose and powdered bran

flakes. Carbon degradation rate was measured by

the change in agar-mix volume in each well over
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time. One plate was deployed in each plot for the

5–8 d prior to the benthic chamber incubations. As

a measure of carbon degradation at each site, we

used the average carbon degradation rate (g C m-2

day-1) across 0–3 cm surface sediment depth

(hereafter called CD). The values from the top 3 cm

were used because within the sediment surface

layers the highest rates of mineralisation processes

are observed and most of the labile carbon is still

considered to be in the system, as well as the most

active layer with large quantities of benthic

macrofauna (Chen and others 2017; Morys and

others 2017).

Data Analysis

Calculations of Multifunctionality

In this study, we quantified four processes that

represent proxies for important ecosystem func-

tions relating to carbon fixation and mineralisation.

The four quantified processes were gross primary

production (GPP), sediment oxygen consumption

(SOC), carbon degradation (CD) and sediment

chlorophyll a/phaeophytin ratio (Chl a/phaeo).

GPP and SOC represent the uptake of CO2 for pri-

mary production and total benthic respiration rates

(an integrative measure of many processes (Glud,

2008)) across short time scales (that is, measured

during a 4-h incubation). CD encompasses carbon

consumption by both infauna and microbially dri-

ven mineralisation processes, within the surface

sediment measured over about a 7-d period. Chl a/

phaeo in the surface sediment is used as a proxy for

processes linked to autotrophic organic matter

turnover (that is, the ‘freshness’ of the autotrophic

organic matter, which is affected by both grazing

and senescence; Bianchi and others 1988; Vil-

lanueva and Hastings 2000).

We used two methods to combine these four

proxies and create indices that describe multi-

functionality: (i) an average function approach

(MFindex) and (ii) a thresholds approach (Gamfeldt

and others 2008; Maestre and others 2012a;

Maestre and others 2012b; Byrnes and others

2014). For the averaging approach, all functions

were standardised by dividing by the maximum

observed value, and the index (MFindex) was cal-

culated by taking the average across all functions

within one sample. The maximum value was based

on the average of the five highest observed values;

this way, a potential extreme effect of one high

value was avoided (Byrnes and others 2014). For

the threshold approach, the same maximum value

was used and the threshold based indices were

calculated as a sum of the number of functions

surpassing a certain percentage of the maximum

observed value. We used multiple single thresh-

olds; 25, 50, and 75%.

The two approaches highlight slightly different

perspectives of multifunctioning; the averaging

approach helps to determine whether the average

level of multiple functions changes with biodiver-

sity. However, it does not distinguish whether

functions are being contributed at similar levels, or

if one function is very high and another function is

low (that is, functions can compensate for each

other: Byrnes and others 2014). Functional com-

pensation was unlikely in this study because there

were no strong negative correlations between the

functions (Appendix 2). The threshold approach,

on the other hand, shows the exact number of

functions that exceed a certain threshold in relation

to levels of biodiversity; therefore, the included

functions cannot compensate for each other. We

used these two multifunctionality approaches to

explore relationships between ecosystem func-

tionality and biodiversity (including species rich-

ness, abundance, and functional richness) along

stressor gradients.

Statistical Analysis

We expected that there would be break points in

the relationships between the ecosystem functions

and the light availability, that is, there would be

nonlinear responses to changes in light especially

for the sediment primary production. We used

regression trees (RPART-package in R; Therneau

and others 2014) to objectively determine the

potential break points for the four included func-

tions (SOC, GPP, Chl a/phaeo-ratio, and CD)

associated with both stressors (mPAR and pore-

water ammonium concentration). All analyses

were conducted on the entire dataset that included

all replicates from the nutrient treatments.

Regression trees revealed that light (lmol photons

m-2 s-1 of PAR) was forming the first splits for all

four functions, and no first splits based on pore-

water nutrient concentrations were observed (all

except one of the further splits in the regression

trees were also formed due to light). The break

points based on light were at 150 lmol photons m-

2 s-1 of PAR for SOC, 344 for CD, 350 for Chl a/

phaeo-ratio, and 424 for GPP. To ensure that the

responses were truly nonlinear we also performed

linear regressions, but no significant relationships

were identified. Hence, based on the regression-

tree breakpoints, the data were split into three light

groups: clear (> 420 lmol photons m-2 s-1 of

mPAR; n = 63 samples), turbid (< 340 lmol pho-
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tons m-2 s-1 of mPAR; n = 72 samples), and

moderately turbid (340 lmol photons m-2 s-1

£ mPAR £ 420 340 lmol photons m-2 s-1;

n = 70 samples).

In order to elucidate the effects of the two

stressors on the macrofauna communities and the

relationship between the macrofauna and multi-

functioning, we performed a suite of univariate

analyses. First, we ran ANOVAs on the univariate

macrofauna diversity measures S, N, and FRic, with

light group (3 factor levels: clear, moderate, turbid),

nutrient addition treatment (3 factor levels: con-

trol, medium, high), and their interaction as inde-

pendent variables. These tests were performed in

order to determine how the two stressors interac-

tively affected macrofauna communities. Second,

we ran multiple linear regressions with the multi-

function index (MFindex) as the response variable.

These regressions included light group (factor with

3 levels), nutrient addition treatment (factor with 3

levels), univariate measures of diversity (continu-

ous variable S, N, and FRic; one at a time) and the

variables’ interactions as predictors. If any interac-

tion was significant, the relationships were further

analysed within the groups, and an ANCOVA-type

of analysis was run to reveal significant trend dif-

ferences (that is, differences in slopes and inter-

cepts) between groups.

For the analyses with the multifunctionality

thresholds as the response variables, the same ap-

proach was used but generalised linear models

(glm) with Poisson error distribution and a log-link

function were run. Poisson error distribution was

used because the response variables could only be

integers, that is, 1–4 functions. Type-III sum of

squares were consistently used; hence, if the higher

order interaction was not significant (p > 0.15), it

was removed and the analysis run again. All sta-

tistical analyses were performed in R (RStudio

Team 2019).

RESULTS

Site Environmental Characteristics

The sites encompassed a gradient of water column

turbidity, with light availability at the seafloor

ranging from 134 to 712 lmol m-2 s-1 of sub-

merged daily average PAR (mPAR; Table 1). The

sites also encompassed a range of sediment char-

acteristics: the ranges of the sediment median grain

size and mud content (% < 63 lm) were 84–

349 lm and 0–25%, respectively, with the sedi-

ment organic matter content varying between 0.7

and 5%. On average OM and mud content were

higher within the moderately turbid and the turbid

light groups compared to the clear light group

(Table 1). The sediment nutrient enrichment suc-

cessfully increased the porewater ammonium

concentrations. The increase relative to the control

porewater concentrations at the sediment surface

(0–2 cm) was on average 40 times higher within

the medium treatments and 250 times higher

within the high treatments, whereas, deeper in the

sediment (5–7 cm), the increase in medium treat-

ment was on average 50 times higher and in high

treatment 170 times higher compared to the con-

trol concentrations (Table 1; Appendix 3). On

average, the natural porewater concentrations of

ammonium (control PW, Table 1) were also higher

within the moderately turbid and turbid sites

compared to the clear sites.

Fauna Community Response
to the Stressors

Overall, 122 species were observed across all sites,

with an average of 22 species occurring at each site

within the control plots (see Appendix 4 for a list of

fauna) and a site-average abundance of 93 (range:

11–319) individuals per 0.01m2 in the control plots.

The most numerous species were the bivalve Aus-

trovenus stutchburyi, the spionid polychaetes Aonides

trifida and Prionospio aucklandica, while the species

occurring in the most samples were the bivalves A.

stutchburyi (occurrence in 100% of the samples) and

Macomona liliana (96% of the samples), and the

capitellid polychaete Heteromastus filiformis (84% of

the samples). Species richness was significantly af-

fected by both the nutrient treatment and light

group, but there was no significant interaction be-

tween these two stressors (p > 0.15, ANOVA; Ap-

pendix 5). The average number of species was 18 in

clear sites compared to the moderately turbid and

turbid sites with 21 and 22 species on average,

respectively (Figure 2; Table 1). All light groups had

however similar ranges for species richness (Table 1).

The average number of species in the high nutrient

treatment was 18, compared to the control and

medium treatments with 22 species on average in

each (Figure 2). The same effects of treatment and

light group were found for abundance and func-

tional richness (Appendix 5).

Biodiversity-Ecosystem Multifunctioning
Relationships

MFindex

Multiple linear regression showed no significant

effect of the nutrient addition on MFindex (Table 2).
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Declining species richness resulted in a decrease in

MFindex across the sites, but importantly this rela-

tionship was dependent on light group (significant

light group 9 species richness interaction in linear

mixed models; Table 2). The MFindex decreased

with decreasing number of species in turbid and

moderately turbid sites, but there was no signifi-

cant relationship within the clear light group (Fig-

ure 3A; Table 2). The biodiversity-ecosystem

functioning relationships were thus nonlinear in

response to turbidity. The slopes and intercepts of

the regression lines within the turbid and moder-

ately turbid groups did not significantly differ from

each other. Similar results were found when using

abundance or functional richness instead of the

number of species as the predictor representing the

benthic macrofaunal community (see Table 3, Ap-

pendix 6 and 7).

Multifunctionality Threshold Index

GLMs revealed that as species richness decreased,

the number of functions exceeding the 25 and 50%

thresholds also decreased; however, again this was

dependent on the light group (significant light

group 9 species richness interaction; Table 2).

Declining species richness resulted in decrease in

the number of functions exceeding the 25%

threshold only in the turbid sites (Figure 3B). In

contrast, the declining species richness caused a

decrease in the number of functions exceeding the

50% threshold in both the moderately turbid and

turbid sites (Figure 3C). In the clear sites, species

richness was not significantly related to changes in

the number of functions above the thresholds. A

declining species richness resulted in a decrease in

the number of functions exceeding the 75%

threshold regardless of the light group (Table 2;

Figure 3D). Similar trends were found when rela-

tionships between the thresholds and abundance

and functional richness were examined (see Ta-

ble 3, Appendix 6 and 7).

DISCUSSION

The need to examine the impacts of multiple

stressors within natural variability was already

highlighted two decades ago by Breitburg and

Table 1. Mean Environmental and Biological Variables Within the Three Light Groups

Clear Moderately turbid Turbid

n = 63 n = 70 n = 72

Environmental variables

mPAR (lmol photons m-2 s-1) 537 (429–712) 377 (342–419) 208 (134–332)

OM (%) 1.7 (1.0–3.0) 1.9 (0.8–4.2) 2.3 (0.7–5.0)

Mud (%) 4.3 (0.0–18) 8.5 (0.0–24) 8.1 (0.0–25)

Mean grain size (lm) 172 (109–258) 187 (81–349) 202 (118–307)

Chl a (lg g-1 sed) 7.9 (1.8–31) 8.4 (3.1–27) 9.7 (1.2–24)

Control PW 0–2 cm (lmol l-1 NH4
+) 57 (0.7–289) 114 (5.7–771) 198 (4.1–757)

Control PW 5–7 cm (lmol l-1 NH4
+) 52 (5.7–110) 132 (8.1–771) 109 (12–247)

Medium PW 0–2 cm (lmol l-1 NH4
+) 570 (117–1478) 633 (10–1912) 707 (80–2071)

Medium PW 5–7 cm (lmol l-1 NH4
+) 3100 (163–11,071) 1294 (23–4018) 3511 (20–11,714)

High PW 0–2 cm (lmol l-1 NH4
+) 3377 (907–16,363) 2962 (15–12,481) 2743 (178–8661)

High PW 5–7 cm (lmol l-1 NH4
+) 11,685 (2169–27,189) 9048 (13–26,050) 9386 (486–24,286)

Biodiversity variables

S 18 (7–34) 21 (8–37) 22 (12–31)

N (n ind. 0.01 m-2) 56 (7–232) 81 (6–208) 104 (11–328)

FRic 183 (0.3–887) 314 (0.1–871) 377 (11–913)

Functions

MFindex 0.3 (0.0–0.5) 0.3 (0.1–0.7) 0.3 (0.1–0.9)

SOC (lmol m-2 h-1) 1038 (0–3994) 1336 (0–3215) 1530 (0–4164)

GPP (lmol m-2 h-1) 1078 (- 2271–3383) 2144 (- 2037–8142) 1643 (- 1740–6887)

CD (g C m-2 d-1) 20 (0.3–47) 17 (1.2–47) 23 (2–47)

Chl a/phaeo-ratio 2.9 (0.6–6.9) 2.9 (0.2–14) 2.6 (0.1–14)

Ranges are given in brackets. Abbreviations, mPAR: mean daily submerged seabed PAR, OM: organic matter, Mud: sediment fraction < 63 lm, Chl a: chlorophyll a content
in the sediment, Control PW: porewater concentration from the control plots at respective sediment depth, Medium/High PW: porewater concentration within the respective
nutrient addition treatments at the two sediment depths, S: number of species, N: abundance, FRic: functional richness. MFindex: multifunction index from the averaging
approach, SOC: sediment consumption, GPP: gross primary production, CD: carbon degradation rate in the surface 0–3 cm sediment, Chl a/phaeo-ratio: ratio of chlorophyll a/
phaeophytin.
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others (1998), but results showing multistressor

effects on relationships between biodiversity and

multiple functions in real-world systems are still

scarce (O’Brien and others 2019). This study

incorporated a multistressor experiment into sub-

stantial real-world heterogeneity (wide range of

latitudes and environmental contexts) to investi-

gate the combined effects of two common estuarine

stressors; turbidity and nutrient enrichment.

The overall trends of the biodiversity-ecosystem

multifunctioning relationships were nonlinear in

response to turbidity, but interestingly no rela-

tionships were observed with the nutrient addi-

tions. Only a few significant relationships between

multifunctionality and biodiversity were found

within the clear sites, whereas in the moderately

turbid and turbid sites the multifunctionality in-

creased with increasing biodiversity, regardless of

the index used (Table 3). This would suggest that a

decrease in number of species, abundance or

functional richness may result in a decline in the

ecosystem functioning in moderately turbid and

turbid systems. Whereas, in the clear systems the

multifunctioning remained more constant regard-

less of decreasing biodiversity, which suggests that

these clear systems are more resilient towards a loss

of biodiversity compared to turbid systems. The

overall ecosystem functioning in more oligotrophic

conditions not stressed by turbidity is potentially

underpinned by more pathways between species,

environmental properties and functions compared

to the more turbid and nutrient rich conditions.

Figure 2. Species richness as a function of A the light groups and B the nutrient addition treatment group. Lower case

letters above the boxes indicate significant differences among groups (p < 0.05). Outliers are defined as > 1.5 times the

interquartile range beyond either end of the box.
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Thrush and others (2021) showed through

ecosystem interaction network analysis that within

clear systems, the connectivity was high between

the different ecosystem components, abiotic and

biotic units with oxygen and nitrogen fluxes, and

denitrification, compared to simpler networks in

turbid systems.

The way an ecosystem loses species due to stress

is not random, and community responses to stress

may vary depending on the starting point and

which community is remaining (Zavaleta and

Hulvey 2004; Srivastava and Vellend 2005; Brack-

en and others 2008; Siwicka and others 2020). A

more diverse community is thought to be more

resilient against disturbance, due to the more pos-

sible responses the collection of species can have

(for example, Mori and others 2013). Marine

benthic communities typically contain only a few

very numerous species, while most species are only

represented by a few individuals (Ellingsen and

others 2007), and these rare species are likely more

vulnerable to stress (Walker 1992; Gray 1997;

Jackson 2001). In this study, an examination of the

ratio between common and rare species among

sites showed that on average, the alpha diversity

was higher in the turbid sites, while the clear sites

had a higher beta diversity. The most species rich

samples (> 90th percentile) within the clear sites

contained 28% rare species, compared to the spe-

cies rich samples in turbid containing only 12%

rare species (rarity defined based on species

occurrence < 25th percentile and abun-

dance < 25th percentile within the control sam-

ples of each light group). Within the clear sites, we

also lost a larger proportion of rare species (43%)

when going from high-diversity samples to low-

diversity samples compared to the turbid sites

(22%). In clear light conditions as species richness

was reduced, a lower number of common species

were lost and since the common species likely

contribute most to functioning, this might partially

explain why multifunctionality remained constant

with the biodiversity loss (Table 2).

Table 2. Regression Results Exploring How Species Richness (S), Stressors (Light and Nutrient) and Their
Interactions Explained Variability in MFindex and the Thresholds (Response Variables)

Response MFindex
Predictor SS Df F p

Light group 0.293 2 7.85 < 0.001

Nutrient addition 0.010 2 0.26 0.768

S 0.212 1 11.36 < 0.001

Light group 9 Nutrient addition 0.060 4 0.81 0.523

Light group 9 S 0.376 2 10.08 < 0.001

Nutrient addition 9 S 0.017 2 0.45 0.638

F(13,191) = 3.34, R2 = 0.19, p < 0.001

Response thresholds 25% 50% 75%

Predictor Chisq p Chisq p Chisq p

Light group 11.98 0.003 11.09 0.004 2.794 0.247

Nutrient addition 0.072 0.965 0.817 0.665 3.672 0.159

S 1.165 0.280 0.055 0.814 7.146 0.008

Light group 9 Nutrient addition 3.423 0.490 2.957 0.565

Light group 9 S 14.90 < 0.001 10.41 0.006

Nutrient addition 9 S 0.060 0.970 0.508 0.776

*ps.R2 = 0.12,

p = 0.018

*ps.R2 = 0.18,

p < 0.001

*ps.R2 = 0.08,

p = 0.023

Post hoc tests Clear n = 63 Moderately turbid n = 70 Turbid n = 72

Response MFindex F p R2 F p R2 F p R2

S 2.273 0.137 0.04 13.6 < 0.001 0.17 14.3 < 0.001 0.17

Response thresholds Chisq p *R2 Chisq p *R2 Chisq p *R2

25%; S 3.768 0.052 0.06 1.853 0.173 0.03 8.168 0.004 0.11

50%; S 0.419 0.517 0.01 6.52 0.011 0.10 10.53 0.001 0.15

75%; S – – – – – – – – –

Significant p-values in italic, p < 0.05 for individual variables, p < 0.15 for interactions.
No interaction between the three predictors was significant (p > 0.15) therefore not reported. *pseudo-R2 is from Nagelkerke (Cragg and Uhler); values are between 0–1, that
is, similar interpretation to the R2 from linear models.
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Common and numerous species are typically

used in biodiversity-ecosystem functioning studies,

and they are often the most important for func-

tioning (Ellingsen and others 2007). Common

species have even been reported to compensate for

losses in rare species, at least on short time scales

and with specific observed functions (Smith and

Knapp 2003). The results of this study would sug-

gest that the more common species contributed to

the measured functions, hence the decline in

functioning at the turbid sites where more common

species were lost. One should however remember

that rare species, due to their unique set of attri-

butes (Ellingsen and others 2007; Mouillot and

others 2013), might contribute to ecosystem resi-

lience in other ways that are not measured here,

for example turnover over longer time scales and

when other functions are considered (Loreau and

others 2001; Hector and Bagchi 2007; Gamfeldt and

others 2008; Siwicka and others 2021). The main-

tenance of function with species loss in the clear

sites could also signal higher functional redun-

dancy and therefore an ability to lose a level of

biodiversity without impacts on function.

To understand how multiple stressors affect bio-

diversity and multiple ecosystem functions, differ-

ent methods, such as monitoring, modelling, and

experimentation in a wide range of environments

are going to be needed. Here, we incorporated a

large-scale field experiment with natural hetero-

geneity to examine biodiversity-ecosystem func-

tioning responses to two common stressors, and we

observed a potential indirect interaction between

the stressors that can lead to a decline of ecosystem

function. Our study found that nutrient addition

negatively impacted species richness, and whilst

this did not directly interact with turbidity, we

found that turbid environments were more vul-

nerable to functional losses with declines in species

richness. This would imply that estuaries already

stressed from high water column turbidity are

likely more vulnerable to increased levels of

nutrients due to the possible negative effects on

benthic macrofauna communities, which in turn

have a negative effect on functioning. These results

highlight an overarching snowballing effect that

cumulative effects can induce and this kind of

mechanistic understanding is important for

informing predictions of abrupt ecological shifts.

Figure 3. Examination of the relationships between A the average multifunction index (MFindex) and number of species

within the light groups, B the number of functions exceeding the 25% threshold, C the 50% threshold within the light

groups, and D the number of functions exceeding the 75% threshold and the number of species. Only significant

relationships illustrated. There was no significant relationship within the clear light group for either approach, but similar

trends of increasing multifunctioning with increasing species richness were found in the moderately turbid and turbid light

groups (Table 2). For the 75% threshold, only number of species, independently of light group, was significant.
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