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Declining biodiversity and loss of ecosystem function threatens the ability
of habitats to contribute ecosystem services. However, the form of the
relationship between biodiversity and ecosystem function (BEF) and how
relationships change with environmental change is poorly understood. This
limits our ability to predict the consequences of biodiversity loss on ecosystem
function, particularly in real-world marine ecosystems that are species
rich, and where multiple ecosystem functions are represented by multiple
indicators. We investigated spatial variation in BEF relationships across a
300000 m? intertidal sandflat by nesting experimental manipulations of
sediment pore water nitrogen concentration into sites with contrasting macro-
benthic community composition. Our results highlight the significance
of many different elements of biodiversity associated with environmental
characteristics, community structure, functional diversity, ecological traits or
particular species (ecosystem engineers) to important functions of coastal
marine sediments (benthic oxygen consumption, ammonium pore water
concentrations and flux across the sediment—water interface). Using the BEF
relationships developed from our experiment, we demonstrate patchiness
across a landscape in functional performance and the potential for changes
in the location of functional hot and cold spots with increasing nutrient load-
ing that have important implications for mapping and predicating change in
functionality and the concomitant delivery of ecosystem services.

1. Introduction

The current decline of biodiversity represents both the loss of species and changes
to ecosystem function [1,2]. Changes in the functional performance of particular
ecosystems will alter the way many ecosystem services are delivered and thus the
benefits humanity derives from nature. Species attributes, functional traits and
community characteristics (e.g. species richness) are often used to assess relation-
ships between biodiversity and ecosystem function(s) (BEF) [3]. The form of these
relationships (e.g. positive, negative, linear or nonlinear) can change with shifts in
environmental characteristics, organism size [4] and density, and the spatial
arrangement of individuals and communities [5]. However, it is not clear from
a practical, mechanistic or theoretical perspective what the implications of these
changes may be at the landscape scale or which biodiversity attributes relate
best to ecosystem function [6].

To date progress in defining BEF relationships and identifying the attribu-
tes of biodiversity that link most strongly to ecosystem function has mainly
been made through highly controlled, small-scale, manipulative laboratory
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experiments that employ a practical but small set of species
[7,8]. This has resulted in a call for more relevance to real-
world situations and realistic field experiments embracing
natural spatial patterns and variation in community compo-
sition [9-11]. Nevertheless, evidence is accumulating of
important and positive BEF relationships, particularly as the
space and time scale of experiments are extended and increas-
ing numbers of species are incorporated into the research
[12-14]. This suggests that spatial changes in biodiversity or
environmental characteristics within ecological landscapes
will affect functional performance. To date this has not been
explicitly investigated, although, on larger continental scales,
studies of terrestrial and freshwater ecosystems have high-
lighted strong spatial variation in BEF relationships [15,16].
A global BEF statistical model can always be built from such
large-scale data sets, but its explanatory power may be low
and it may be limited in predicting local relationships or
changes with specific environmental conditions. Practical diffi-
culties in mapping biodiversity and assessing ecosystem
function impose critical limitations to translating many BEF
relationships into real-world situations [17]. This limits the
capacity of BEF studies to demonstrate why biodiversity matters.

Changes in space or time scales, or scales of biological
organization, profoundly affect our understanding of eco-
system dynamics and complexity, and our ability to forecast
the ecological consequences of environmental change. If BEF
relationships change their functional form (e.g. from linear to
exponential or parabolic) across landscapes, or with stressors,
it will be difficult to simply extrapolate ecosystem functionality
and potential for ecosystem service delivery. How changes
in community composition across landscapes affect function
and how we best use different BEF indicators to characterize
(and act as surrogates for) BEF relationships are important
[18]. Potentially, BEF relationships can change from place to
place, creating localized hot or cold spots for specific functions,
or they can change more gradually along gradients [19]. Here
we combine information on the spatial structure of ecological
landscapes with manipulative experiments. This allowed us
to demonstrate how describing and using spatial variability
in community composition, in combination with BEF rela-
tionships derived from experimental treatments, helps us
to inform projections of ecosystem functional performance
under conditions of environmental change.

Coastal and estuarine ecosystems, dominated by sedimen-
tary habitats, form the interface between land and ocean, and
as such they are subjected to a wide range of human impacts
including climate change. Importantly, these soft-sediment
ecosystems can be species rich and are known to deliver a
wide range of ecosystem services [8]. The diversity of life on
the seafloor and the very sharp gradients in chemical compo-
sition make these wet and salty marine sediments different
from terrestrial soils [20]. Importantly, there is growing evi-
dence of feedback between biodiversity loss and the impacts
of stressors, with loss of ecosystem function escalating the
impact of stressors on the ecosystem. The potential for these
feedback processes is illustrated by the relationship between
eutrophication and ecosystem functioning in the coastal zone
[21,22]. Organisms living in sediments have long been
known to drive many critical ecosystem functions, in particular
the breakdown and transformation of organic material and the
associated release of nutrients, facilitating their recycling, dis-
persion and transfer through food webs. Nitrogen is usually
a limiting nutrient in the coastal zone, but also an important

driver of eutrophication. Coastal sediments are important n

sites of denitrification, the process that transforms the dis-
solved forms of nitrogen that fuel plant growth into nitrogen
gas. Calculations indicate that at least 80% of terrestrial dis-
solved inorganic nitrogen can be denitrified in the coastal
ocean margin [23]. There is a complicated set of biogeochemical
interactions associated with the degradation and transform-
ation of organic matter, and microbial communities are
directly involved in these chemical transformations. However,
the larger macrofauna that live within the sediment modify
their environment by building tubes, burrowing and generat-
ing pore water pressure gradients that profoundly influence
the microbial environment and the nature and rate of micro-
bial processes [24,25]. The transformation of nitrogen in
the coastal zone is a critical ecosystem function because
when nitrogen loads are high and exceed the assimilative
capacity of the ecosystem, the consequence is eutrophication
[26]. As sediment nutrient loading increases and species or
functional groups decrease their contribution to ecosystem
functioning, the snowballing effects of decreasing assimilative
capacity and increasing stress are likely to result in nonlinear
change or tipping points in ecosystem’s ability to cope with
nutrient load.

The nature of BEF relationships is generally poorly resolved
in real-world ecosystems, and there is no clear choice of how
best to represent diversity in this context (e.g. key species,
species richness or multivariate functional diversity measures).
In coastal marine sediments, nitrogen processing is a
globally important biogeochemical process that is affected
by sediment-dwelling macrofauna. Biodiversity and environ-
mental characteristics vary within and across seafloor habitats,
potentially influencing how we view the functionality of coastal
ecosystems in space and time. Therefore, we test (i) the role of
different attributes of biodiversity in affecting the ecosystem
function associated with nitrogen flux in marine sediments,
(ii) how related ecosystem function indicators are influenced
by different aspects of biodiversity, (iii) how the functional
form of BEF relationships varies with sediment nutrient load-
ing, and (iv) how this role varies across a natural ecological
landscape and with increasing nutrient load. We demonstrate
that BEF relationships are driven by multiple components of
biodiversity and the functional form of these relationships
changes with increasing sediment nitrogen load. This results
in changes in the location of functional hot spots across the
seafloor landscape with increasing sediment nutrient load.

2. Material and methods

(a) Nesting experimental sites into the diversity
landscape

The experiment was conducted on Tapora Bank, Kaipara Harbour
(36°39'S, 174°29' E), New Zealand. This is an extensive intertidal
flat of permeable sandy sediments, exposed to wind-wave disturb-
ance. Our site (300000 m?) encompassed appreciable variability
in benthic community composition, sediment mud content and
seagrass (Zostera muelleri) cover [27]. We surveyed this site and
mapped spatial variation at multiple scales in April 2012 [28].
A total of 400 macrofaunal cores (13 cm diam, 20 cm deep) were
sampled on a grid was designed to allow sampling at multiple
spatial scales using a repeated sequence of sampling intervals
(0.3,1, 5,10, 20 and 50 m) to encompass patterns on scales from
centimetre to kilometre, advancing from the transect sampling
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employed by Hewitt et al. [29]. This grid covered the intertidal area
from the high- to low-water mark to capture tidal variation.

From this survey dataset, we identified 28 experimental
locations that had different combinations of high/low abun-
dance/richness of species with functional traits likely to affect
nutrient processing in sediments (e.g. passively or actively facil-
itating the vertical movement of particles or pore water; see
electronic supplementary material, A.A for species names).
Each experimental location was centred on a grid point used in
the initial survey and based on the map of functional diversity
(see electronic supplementary material, A.A, figure S1), we esti-
mated that we had a 3 m working radius around this point. At
each location, three experimental plots, each 1 m?, were created.
In two of the plots, we added nitrogen (N) to the sediment; one
plot received the addition of 150 g N'm ™2, another 600 g N'm >
and the third acted as a disturbance control. Our high-N addition
treatment elevated pore water N to concentrations commonly
observed in studies of marine eutrophication [30]. To achieve
these nitrogen additions, a slow release urea fertilizer (Nutricote
40-0-0, N-P-K) was injected at 20 uniformly spaced points, to a
depth of approximately 15 cm, within the treatment plots using
a handheld corer. Fifteen centimetres is below the depth com-
monly bioturbated in these sediments (S.ET., JEH. CK,
AM.L.,, C.AP. & E.D. 2012, personal observations). The addition
of urea-based fertilizer is commonly used in marine ecological,
biogeochemical and contaminant remediation research, and we
selected our concentrations based on a review of previous studies
[30]. Control plots were injected with pea gravel of similar grain
size to the fertilizer pellets to control for the disturbance associ-
ated with fertilizer addition. The experiment was established
on 20 January 2014.

(b) Sampling the experiment
Seven weeks after the start of the experiment, we sampled the plots
to measure four factors associated with nutrient flux: pore water
ammonium concentration (NH; —N), standing stock of microphy-
tobenthos, ammonium (NHJ -N) release and dissolved oxygen
(DO) consumption. We selected this sampling interval to allow
time for macrobenthic species to respond to treatments and
because pore water N concentrations were still tracking initial
treatments [30]. In each plot, four replicate pore water samples
were collected using a 2.6 cm diameter corer and the sediments sec-
tioned into surface (0-2 cm) and deep (5-7 cm) for analysis of
ammonium concentration. Benthic chlorophyll a concentration
was used as a surrogate for microphytobenthos standing stock
and was sampled from a standard volume of sediment in each
plot (5 x 2.6 cm diam x 2 cm deep cores), as was sediment grain
size. We sampled macrobenthic community composition in each
plot (2 x 13 cm diam, 15 cm deep cores) and used a 0.25 m? quad-
rat that was photographed to measure surface % cover of seagrass
(Z. muelleri), bare sand and shell fragments. Cover was estimated
based on occurrence at 75 random points within each photo
using CPCE [31]. Macrofaunal cores were sieved (500 pm mesh)
and preserved in 50—-70% isopropyl alcohol and rose bengal.
Solute concentrations were measured over time from in situ
benthic incubation chambers [32-34] in order to evaluate
ammonium release and DO consumption rates (efflux from and
influx into sediments, respectively). Flux chambers measure the
net effect of interacting physical, biogeochemical, plant and
animal processes that influence solute exchange across the sedi-
ment—water interface and are commonly used in marine benthic
BEF studies. Flux chambers were only deployed in control and
high-nitrogen (600 g m™?) treatment plots, and all of the incu-
bations were conducted in the dark to control for the influence of
light on photosynthetic oxygen production and ammonium
uptake by microphytobenthos and seagrass. Fluxes of DO and
ammonium are both strongly related to macrofaunal activity and

organic matter remineralization rate that is directly linked to nutri-
ent processing capacity of the sediments. To briefly summarize
the flux chamber method, 50 x 50 x 10 cm height chamber bases
were pressed approximately 5cm down into the sediment
during low tide in targeted experimental plots. On the incoming
tide, when water depth reached approximately 30 cm depth,
Perspex domes were clamped tightly to each chamber base, sealing
approximately 301 of ambient sea water over the sediments.
Opaque shade clothes were used to maintain darkness inside
the chambers. Incubations occurred during a midday high-
tide period of approximately 4 h. Water samples (60 ml) were with-
drawn from the chambers through sampling ports at the beginning
and end of the incubation period to assess solute concentrations.
Dissolved O, concentrations in the water samples were measured
using an optical probe. Samples were then filtered through a
0.8-wm glass fibre filter and stored frozen prior to analysis of
NH; -N using standard methods for sea water (detection limit of
1mg m ). Fluxes were calculated as (Cong — Cinitial X V)/A x T,
where C is nutrient or oxygen concentration (uM 1Y, V is the
volume of sea water inside the chamber (1), A is the area of sediment
enclosed by the chamber (m?) and T is the elapsed time between
initial and final samplings (h).

() Laboratory analyses

In the laboratory macrofauna were sorted, identified to the
lowest taxonomic resolution possible (approximately 80% to
species level, with the exception of some amphipod families;
the majority of these were organisms that had an abundance of
1 per site so species-level identification would not change esti-
mates for that sample) and counted. Pore water was extracted
immediately on return to the laboratory by centrifuging and fil-
tering (1.1 pum Whatman GC glass fibre filter), and then stored
at —20°C until analysis [35]. These samples were analysed for
NH; with a Lachat QuickChem 8000 Series FIA+ (Zellweger
Analytics, Milwaukee, WI, USA) using standard operating pro-
cedures for flow injection analysis. Sediment samples for the
analysis of grain size were frozen at —20°C until analysis.
Frozen sediment samples were defrosted and homogenized,
and subsamples were taken for analysis. The subsamples were
pre-treated with 10% hydrogen peroxide prior to measurements
with a Malvern Mastersizer-S [36]. Sediments for chlorophyll a
analysis were freeze-dried and then 5 g extracted in 90% acetone
and measured using a Turner Designs 10 AU fluorimeter [37].

(d) Defining a suite of biodiversity indicators

We measured a suite of variables considered likely to affect changes
in pore water concentrations, nitrogen efflux or DO influx associ-
ated with biodiversity or nitrogen addition (figure 1). These
included a number of indicators related to different elements of bio-
diversity: (i) community diversity indices (i.e. species richness, total
abundance, evenness, Shannon—Wiener diversity (H') and Simp-
son’s index); (ii) habitat characteristics (i.e. sediment mud content,
median grain size, % cover of Zostera); (iii) abundances of ecological
engineering species selected based on authors previous research
[5,25,38—41] (Bivalves—Macomona liliana, Austrovenus stutchburyi,
Paphies  australis;  Polychaetes—Travisa  olens; Holothuria—
Trochodota dendyi); (iv) abundances of two macrobenthic commu-
nity functional traits related to nutrient processing (i.e. large,
deep dwelling organisms that move sediment or pore water, and
organisms that create burrows and holes in the sediment); and
(v) functional diversity indices and measures of trait diversity (i.e.
trait evenness, trait Shannon—-Wiener index and trait Simpson’s
index). The functional diversity and trait diversity measures were
based on known biological traits of the taxa. We used traits related
to general categories of living position, sediment topographic fea-
ture created, direction of sediment particle movement, degree of
motility, feeding behaviour and body size because we expected
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different suites of biodiversity
indicators

— functional diversity indices
— functional

— traits

— community diversity indices
— engineering species

— environmental drivers

type of
suite information
functional multivariate functional
diversity niche space
community species richness,
diversity abundance

functional traits grouping of species

with shared attributes

engineering species, usually large,
species that disproportionality
modify habitat
environment defining habitats and
characteristics habitat variability

ammonia
flux

chlorophyll a

ecosystem function indicators

dissolved
oxygen influx

shallow pore
water ammonia

deep pore
water ammonia

specific indicators used

functional richness, evenness, diversity,
Rao

species richness, total abundance,
evenness, Shannon-Weiner diversity (H)
and Simpson’s index

large, deep dwelling animals that move
sediment or porewater; and animals that
create burrows and holes in the
sediment

Macomona liliana, Austrovenus
stutchburyi, Paphies australis; Travisa
olens; Trochodota dendyi

mud content, median grain size, organic
content, % cover of Zostera muelleri,
bare sand and shell fragments

Figure 1. Marine sediment with a surface layer of microphytobenthos, an aerobic surface sediment layer atop deeper anaerobic sediments. The range of ecosystem
function indicators we use are shown (black text) along with the suite of biodiversity indicators (grey text). (Online version in colour.)

them to affect nitrogen processing in the sediments by pumping
pore water, moving sediment particles and organic material and
changing sediment topography [17,21,24,25]. Fuzzy coding was
used to assign species to traits [42], with allocation across each gen-
eral category summing to 1 (see electronic supplementary material,
B for the coding of each taxa).

The dbFD package in R [43] was used to calculate the three
indices [44] of functional richness (Fg;.), functional evenness
(Fgve) and functional divergence (Fp;y,), as well as functional dis-
persion (Fp;s) [45] and Rao’s quadratic entropy (Q) [46]. As all the
traits were numeric (probabilities with values ranging from 0 to
1), they were standardized to mean of 0 and unit variance and
FD was run based on Euclidean distances. Calculation of all indi-
ces except Fric was weighted by abundance. The number of
principal coordinates analysis (PCA) axes to keep as ‘traits” for
calculating Fgic and Fp;, was set at the maximum number of
axes that allowed the number of species to be greater than the
number of traits, with the presence of negative eigenvalues set to
be corrected by using the square root of the distances. However,
dimensionality reduction occurred with only three of the axes
retained. Fg;. output values were not standardized by the
‘global’ Fg;. to run between 0 and 1, nor were the Rao’s Q output
values scaled by its maximal value over all frequency distributions.

(e) Statistical modelling

Generalized linear models (GLMs) with nitrogen treatment as a
fixed factor and appropriate error structures and link functions
(see below) were used to determine which of the indicators of
ecosystem function (pore water nitrogen concentrations in the
surface and deep of the sediment, efflux of ammonium from the
sediment, DO influx and chlorophyll a concentrations) displayed

significant treatment differences. Where a significant effect
was detected, Bonferroni comparisons were used to determine
which treatments differed. Only for indicators of ecosystem
function that revealed treatment effects did we go on to develop
predictive models.

Models were developed to explore three questions: (i) which
aspects of biodiversity and habitat characteristics were most
useful in predicting the ecosystem functions, (ii) whether relation-
ships between the predictors and the ecosystem functions were
generally linear or not, and (iii) whether best predictors changed
with our experimental addition of N. To answer the first question,
and to limit problems associated with correlated predictors, we
used a hierarchical model development (see electronic supplemen-
tary material, A.B). In order to maximize our ability to detect
changes in predictors with experimental additions of N (question
3), models were run for each treatment type (control, medium
and high) separately (see electronic supplementary material, A.C).

BEF statistical models were developed using GLMs (SAS
INsIGHT v. 9.3; SAS Institute Inc) with nonlinearities incorporated
by using log transformations, polynomials and multiplicative
terms (see electronic supplementary material, A.B). While the
use of other error structures were investigated, only normal
errors with identity links were required (defined by residual
by predicted plots and residual normal plots). Parsimonious
models were produced by backwards selection based on largest
p-values, with terms only removed if doing so did not result in a
significant increase in deviance [47]. Best models were selected
based on the residual by predicted plots, residual normal plots
and partial leverage plots, stability of the parameter estimates
and the Akaike information criterion (AIC) [48—-50]. In total 10
best BEF statistical models were derived: three treatment types
for shallow and deep pore water (6 models in total); and two
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Table 1. Experimental manipulation of sediment nitrogen loading has significant effects on pore water and ammonium efflux. Note flux measurements were [}

made only in the high (H) and control (C) experimental plots.

source DF MS

model 2 44991525
error 81 34.977434
s oo
pore water surface N (M)
model 2 831197349
error 80 3570495.5
Ca i AT
pore water deep N (M)
model 2 302 406 220
error 81 9314 281
s
NH, efflux (uMm~2h ")
model 1 1162682406
error 51 34473189
ol oy >
DO influx (WM m~2h™")
model 1 137788796
error 51 4061589
Ceal . B A

treatment types for nitrogen efflux and DO influx (4 models in
total).

Best results were obtained using untransformed data but
frequently with second degree polynomials, thus a number of
functional forms were observed: linear, convex, concave and
unimodal in either a positive or negative direction. For each
model, we determined the relative importance of each predictor
variable. There are a number of ways of doing this [51]; here we
use the importance of each predictor variable to the response’s
mean (i.e. ‘level’ importance [52]). As polynomial terms in the
final models precluded assessing this importance by simply com-
paring standardized coefficients, for each variable the predicted
effect on the response variable was calculated over the range of
the variable in the model data, and divided by the sum of the
effects of all variables. For models with no polynomial terms,
this is equivalent to using the standardized coefficients.

(f) Analysis of the sensitivity of statistical models to
selected traits

Sensitivity analysis is often performed by dropping variables
from the analyses, and we chose not to follow this approach
because we had strong mechanistic reasons to link our selected
traits to nitrogen processing and sediment oxygen consumption
in marine sediments. Therefore, if we were to drop traits, we
would expect our models to perform more poorly. Instead we
chose to assess sensitivity by including extra traits that could
potentially act as surrogates for different indirect effects of
animals on sediment nitrogen processing and oxygen consump-
tion. Comparisons were made between results we obtained using
the traits we considered directly linked to the ecosystem function
(see ‘Defining a suite of biodiversity indicators’” above, and elec-
tronic supplementary material, B) and when two other trait types
that could be indirectly linked to ecosystem function (body shape

F p multiple comparison
e e
23.28 <0.0001 H>M=C(
o4 <0.0001 H>M > C
wn e o
3.39 0.0713 (>H

and hardness) were also included (electronic supplementary
material, C). Changes in the traits included could have affected
the values for the multivariate indices (Fric, Fpiv, FEver Ra0’s Q
and Fp;s) and the univariate trait indices (trait evenness, Shan-
non-Wiener and Simpson’s indices). For the three sets of traits
dimensionality reduction occurred and only the first three
PCA axes were used to calculate Fg;. and Fp;,. As a result the
quality of the reduced-space representation of Fg;. varied from
0.44 to 0.46.

(g) Mapping the experimentally determined ecosystem
function back onto the landscape

Ecosystem function was predicted across the larger landscape,
based on the initial intensive survey [28]. To assess changes in
functionality across the sandflat associated with increasing sedi-
ment nitrogen concentration, we used the BEF statistical models
derived from the control and high nutrient addition experimental
plots, applied to the survey data. The resulting model predictions
were standardized to range from 0 to 10 to show the relative
change in function. We used averaging and linear interpolation
over a 20 m grid cell size to map the spatial variation in individual
ecosystem function variables across the 300000 m? site. Paired
t-tests were used to determine the significance of differences
between the predictions of the two BEF statistical models.

3. Results

Treatment effects for surface and deep pore water N concen-
tration and ammonium efflux were detected 7 weeks after
the experimental manipulation of sediment nitrogen loading
(table 1). There was a weaker indication that DO influx into
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Table 2. The relative importance (%) of different suites of biodiversity indicators associated with the predictive models of the four ecosystem functions from
each of the three experimental N additions (control, medium, high). Relative importance values are derived from electronic supplementary material,
A. Biodiversity indicators: environment = habitat characteristics (mud content, % cover of Zostera); community = species richness, total abundance, evenness,

Shannon—Wiener diversity (H') and Simpson’s index; single trait = large, deep dwelling organisms that move sediment or pore water, and organisms that

create burrows and holes in the sediment; functional diversity = Fgi, Foiv, Fever RA0’s Q, trait evenness, trait Shannon—Wiener index and trait Simpson’s index;
ecological engineers = Macomona liliana, Austrovenus stutchburyi, Paphies australis; Travisa olens.

pore water shallow

biodiversity

indicator control medium

environment — — — —
community - 38 vvvvv v 5 — 32
5|ngletra|t—— o o
functional diversity 25 76 56 Y]
be»tdlobgi»cal . hginéers ..... . s s T

the sediment was decreased by elevating sediment nitrogen
concentration (p = 0.0713). However, we could not detect a
treatment effect on surface sediment chlorophyll a concentration
and consequently did not investigate this further.

(a) Changes in the functional form of biodiversity and
ecosystem function relationships and the relative

importance of different biodiversity indicators

Both the structure and functional form of BEF relationships
derived separately for controls, and the 150 and 600 g N m 2
treatments were influenced by changes in biodiversity and
environmental characteristics across the experimental site (see
electronic supplementary material, A.D and A.E, for the stat-
istical results of the 10 models). The results of these models
were summarized to determine both the relative importance
of different biodiversity indicators and the differences in the
functional form of the BEF relationships.

Nineteen biodiversity indicators and environmental factors
in total were selected across the ten models as being important
for predicting changes in our function variables (shallow
and deep pore water ammonium, ammonium efflux and DO
influx). The variables selected as predictors often varied
between treatments. Community (richness and abundance)
and functional diversity measures (diversity, Fp;y; richness,
FRric) contributed to driving the function variables, but
macrofaunal ecosystem engineer species particularly bivalves
(Austrovenus, Macomona, Paphies) and large worms (Travisia)
were also important. The most common drivers were Fgy,
and the densities of large Austrovenus and Macormona (occurring
in 7, 7 and 6, respectively, of the 10 models; electronic
supplementary material, A.D).

To assess the overall importance of different types of fac-
tors (i.e. environmental characteristics, community indices,
functional traits, functional diversity indices or the presence
of ecological engineers), we aggregated and summed the rela-
tive contribution of the individual variables to each BEF
model (table 2). The presence of engineering species, particu-
larly large bivalves, was consistently an important predictor.
Functional diversity and community indices were also gener-
ally important, although the role of community indices was
more variable. Single traits and environmental characteristics

control

ammonium
pore water deep efflux DO influx
medium control control
— 12 9 — — 10
— 4 — 67 67 39
— 5 — 7 18 —
56 36 24 — — 39
44 6 66 26 15 13

were less important, with environmental factors contribut-
ing little to the function models when included. Adding
nitrogen to the sediment always changed the relative contri-
bution of different biodiversity indices (table 2; electronic
supplementary material, A.D). Only for deep pore water
ammonium did the dominant biodiversity measure (Fi;)
remain the same with nitrogen addition.

Analyses of the sensitivity of our analysis to the traits
selected showed that our results, as presented, changed
little with the addition of extra traits with generally less
than 5% changes in model R? and the relative importance
of different factors contribution to the models (see electronic
supplemental material, C). This reflected the generally high
correlations observed between the indices calculated on the
three sets of traits.

(b) Nonlinearity in biodiversity and ecosystem function
relationships

All models, except for DO influx, included nonlinear relation-
ships (figure 2). Different biodiversity indicators drove the
nonlinearity in ecosystem functions as the nitrogen load in
the sediment increased. The most consistent indicator leading
to nonlinear responses was Fg;., along with the abundance of
ecological engineering species Austrovenus and Macomona
(accounting for 5, 2 and 3 nonlinear relationships, respect-
ively, out of 11 identified). No consistent functional form of
BEF relationships across experimental treatments was appar-
ent for the different ecosystem functions (figure 2; electronic
supplementary material, A).

(c) Mapping the experimentally determined ecosystem
function back onto the landscape

These changes in drivers, and their relative contributions,
result in the BEF models predicting significant changes in eco-
system function variables across our 300000 m” study site as
nitrogen loading increases from present conditions to
600 g N'm 2 (table 3 and figure 3). Regions of high surface
pore water ammonium concentrations under current con-
ditions switched their distribution from high shore to low
shore and the distribution of high-function regions became
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indicator
2 Ric n \
SPW C SPW M
Macomona n J
SPW M DPW C
Austrovenus r J
SPW M AMM H
species richness \J N
DPW C AMM H
deep and large f\ \
DPW H AMM H
Fdiv J
AMM C

Figure 2. The form of nonlinear relationships associated with different biodiversity indicators on ecosystem function variables. SPW, surface pore water ammonium;

function and treatment dependent nonlinear relationships

w N N\

SPW H DPW C DPW M

.

DPW M

AMM C

DPW, deep pore water ammonium; AMM, ammonium efflux. Experimental treatments: C, control; M, medium-nitrogen addition; H, high-nitrogen addition.

Table 3. Significance of differences in BEF statistical models derived from
high and control nitrogen additions projected across the 300 000 m? study
site. Paired t-test, n = 319.

variable t p> |t
pore water shallow (M) 16.81 <0.0001
 pore water deep (uM)  —410 <0.0001
ammonium efflux (uMm~2h™") —11.22 <0.0001
DO influx (WM m~*h™") —3.57 0.0004

increasingly patchy with increasing nitrogen load. Specific
locations of highest predicted surface pore water concentration
also changed. Deep pore water ammonium concentrations
showed a similar pattern to surface concentrations. However,
spatial changes in functionality across the site were different
for ammonium efflux. For example, increasing the sediment’s
nitrogen content resulted in a much more homogeneous pat-
tern of elevated efflux, while for DO influx, the pattern was
intermediate between pore water ammonium concentration
and ammonium efflux. Thus the factors driving sediment
nutrient processing are changing in response to sediment
nutrient concentration.

4. Discussion

Our experiment was, to our knowledge, the first attempt to
nest a BEF experiment into a natural landscape of variation
in community composition and subject the BEF relationships
to environmental change. Multiple elements of biodiversity
were important in driving change in ecosystem function
indicators associated with sediment nitrogen dynamics.
Given that both individual ecosystem engineer species and
functional diversity indices were important, multiple metrics
are probably needed to fully capture BEF relationships. A key
finding of our experiment was that many of our BEF

ammonia DO
efflux consumption

surface pore
water

deep pore
water

control

high nitrogen

! 1
T !

Figure 3. Maps of relative functional performance under control and high
nitrogen treatments, projected across the 300 000 m? study site. Projections
are normalized to allow the spatial variation in function to be seen despite
the increase in nitrogen concentration. Hot colours indicate areas of high
functionality and cold colours low functionality, except for sediment DO con-
sumption where high consumption (high functionality) is blue.

relationships were nonlinear and the functional form of indi-
vidual response variables changed with both increases in
sediment nitrogen concentration and particular ecosystem
function indicators (figure 2). These ecosystem-function-
specific nonlinear BEF relationships emphasize the potential
for threshold responses and that thresholds for different func-
tional indicators may be tripped under different levels of
environmental change. The functionality of the sandflat was
not uniform, and the relative functionality changed across
the landscape with increasing nutrient loading. This has
important implications for detecting change in ecosystem
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function and in mapping ecosystem functions in relation to
determining the delivery of ecosystem services.

Spatially dependent shifts in functional performance
(figure 3) emphasize the importance of context, specifically
in our study of sediment nutrient loading and variation in
macrobenthic community structure. This is the real-world
consequence of shifting biodiversity in habitats that are well
recognized for their contribution to nutrient processing [23].
Importantly spatial shifts in functional performance has
strong implications for scaling-up BEF relationships, mapping
nutrient processing or relating detailed process-based measure-
ments to ecosystem service delivery. Averaging is often used in
models to overcome this ‘noisy” pattern, but this can lead to
problems with aggregation errors [53]. Averaging over variabil-
ity can also lead to a lack of sensitivity in identifying how
environmental change, stress or disturbance will impact BEF
relationships. For example, our experiment detects changes in
the factors that influence nutrient processing with increased
nitrogen loading and in the functional form of that response.
Shifts in the functional form of BEF relationships, from linear
to nonlinear, positive to negative, offer potential insights into
the functional resilience of ecosystems as they work to process
increasing contaminant loads or recover from elevated dis-
turbance levels. The potential to identify thresholds in how
these systems respond to change by shifting their functional
performance is a powerful attribute of our experimental design.

The relative importance of ecological engineers, single trait-
based functional groups or broader measures of biodiversity in
BEF relations is contentious [6]. We demonstrated that large
engineering species that affect particle transport and pore
water pressure gradients were particularly important in affect-
ing ecosystem function indicators associated with sediment
nitrogen processing. This is mechanistically consistent with
how macrofauna can modify the environment for microbial
communities that transform organic matter and nutrients in
sediments, as well as pump pore water deep in the sediment
and transport dissolved nutrients [25]. However, the individ-
ual functional trait group that was mechanistically associated
with species important in deep burrowing and particle trans-
port in the sediment only contributed to two BEF
relationships. In both situations this involved high nitrogen
additions (deep pore water ammonium concentration and
ammonium efflux). We had expected that the specificity of
this functional group and the inclusion of multiple species
within it would have made it a more consistent and important
explanatory factor based on previous studies of functional
traits in marine sediments. Many BEF experiments document
the importance of particular species on function (identity
effects), although the functional consequence of the loss
of these species can be dependent on the community that
remains [22]. We also found functional and community diver-
sity measures to be important [54], with functional richness the
most consistent biodiversity predictor in the BEF models. Func-
tional richness was based on multiple traits and represents the
volume of trait space within the community. Often functional
diversity or biological traits are used as surrogates for function,
because measuring function is difficult over large scales. Our
results emphasize the need to assess the nature of relationships
between function and specific biodiversity indicators as they
can change as the ecological landscape changes or environ-
mental drivers change. This will be assisted by developing
better mechanistic understanding of ecological interaction
networks [41].

The relationships between terrestrial plant diversity and
primary production have been a cornerstone in BEF research
[3,13,55]. In our system we could not detect an effect on the
most productive plants (i.e. the microphytobenthos biomass),
although these plants do respond to the release of nitrogen
from the sediments and are a significant contributor to primary
production in many coastal ecosystems [38,56,57]. We have
seen similar results in other harbours affected by wind waves
[41]. In these permeable sandy sediments, bedload transport
of surface sand grains and associated microphytes can dilute
the localized effects of experimental treatments. Seagrass was
also patchily distributed around our study site, and this more
structural species only made a small relative contribution
to deep pore water ammonium concentration. A pan-Europe
study of plant diversity—primary productivity relationships
demonstrated that, although overall a log-linear BEF relation
was apparent at individual locations, the specifics of the
parameter estimates differed, emphasizing the important limit-
ations of global models in predicting local patterns [58,59]. The
changes we observe across the sandflat landscape have impor-
tant implications for both scaling up BEF relationships in
marine sediments and understanding how the performance
of ecosystem functions will change associated with elevated
levels of environmental change.

Biodiversity ecosystem function relationships are impor-
tant to understand because they underpin many ecosystem
services [1]. Understanding how real-world ecosystems
actually change is not only critical to our fundamental under-
standing but also in communicating changes in ecosystem
benefits, especially under substantial predicted future envi-
ronmental change [60]. BEF field experiments often warn of
complicated, context-dependent results and the difficulty of
making predictions without detailed system knowledge
[21,22]. Our results based on nesting a BEF experiment into
a natural landscape of variation in community composition
revealed that multiple elements of biodiversity can be
involved in defining BEF relationships and the importance
of these biodiversity elements can change, even for closely
related aspects of ecosystem function (e.g. pore water nutrient
concentrations and fluxes across the sediment—water inter-
face). Many of our BEF relationships were nonlinear, and
the functional form of these relationships changed with
sediment nutrient load. The functionality of the sandflat
was spatially structured but changed across the landscape
with increasing nutrient loading. Defining BEF relationships
across ecological landscapes and under different levels of
nutrient loading is a practical way of improving and empiri-
cally generalizing our understanding of the importance of
different factors in driving ecosystem function. At the land-
scape scale, shifts in the location of functional hot spots or
the relative spatial uniformity in functional performance
may provide useful insight into the resilience of coastal and
estuarine resilience in the face of increasing nutrient loading
and eutrophication.
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