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Abstract
In coastal environments, eutrophication and ocean acidification both decrease pH, impacting the abiotic conditions experi-
enced by marine life. Infaunal invertebrates are exposed to lower pH conditions than epifauna, as porewater pH is typically 
lower than the overlying water. We investigated the effects of altering sediment carbonate chemistry, through the addition of 
transplanted green algae and/or crushed shell hash, on an infaunal community. This factorial field experiment was conducted 
on an intertidal mudflat in the Bay of Fundy, New Brunswick, from July to September of 2020. After 1 month, sediment 
pH was increased across all depths (0.09 ± 0.03 pH units, or 0.84–2.5%) by the shell hash, but was not affected by the algae, 
while the multivariate community composition was impacted by an interaction between algae and experimental block (6.9% 
of variation) as well as shell hash treatment (2.7% of variation). After month 2, all responses to the treatments disappeared, 
likely due to tidal currents washing away some of the shell hash and algae, suggesting reapplication of the treatments is 
needed. Most of the variation in the community composition was explained by spatial variation in the treatment replicates 
among the treatment blocks (33.5% of variation). Despite the small effects of the experimental treatments on sediment 
carbonate chemistry, distance-based linear modeling indicated that sediment pH may be an important driver of variation in 
the infaunal community. Given the complexity of the processes driving sediment chemistry in coastal environments, further 
experiments exploring changing environmental conditions that drive infaunal marine community structure are required.

Keywords Sediment carbonate chemistry · Infaunal invertebrates · Habitat modification · Intertidal zone

Introduction

Infaunal invertebrates in coastal zones live in a chemically 
dynamic habitat and are thus exposed to variable pH in both 
the sediment and water column. Sediment porewater pH in 
non-disturbed habitats is driven primarily by decomposition 
of organic matter by microorganisms, leading to more acidic 
and variable pH than the overlying water column with pH val-
ues ranging from 6.5 to 8.2 (Kristensen 2000; Widdicombe 
et al. 2011). In coastal ecosystems, organic matter enrichment 
due to terrestrial runoff has the potential to play a significant 
role in carbonate chemistry cycling due to the role of micro-
bial activity (Widdicombe et al. 2011). Additionally, changes 

to water column pH, especially water column acidification, 
will result in changes to the sediment pH. As ocean acidifi-
cation impacts become more apparent, water column pH is 
anticipated to decrease by as much as 0.43 pH units in the 
open ocean by 2100 (Bindoff et al. 2019). This reduction in 
water column pH is predicted to also result in a decrease in 
sediment pH because of the pelagic-benthic coupling in car-
bonate chemistry (Clements and Hunt 2018; Waldbusser and 
Salisbury 2014). Currently, infaunal invertebrates can grow  
and thrive within the sediment, despite its lower pH  
(Widdicombe et al. 2011; Sizmur et al. 2019). It is unknown, how- 
ever, if the predicted decrease in sediment porewater pH will 
have significant effects on infaunal invertebrates.

Nutrient enrichment is often considered another problem 
associated with ocean acidification in coastal ecosystems 
and often results in increases in abundance of macroalgae 
and bacteria (Nixon 1995; Wallace et al. 2014; Carstensen 
and Duarte 2019). As organic matter, such as macroalgae, 
undergoes degradation, sediment pH decreases due to the 
release of  CO2 from respiration by the microorganisms 
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breaking down the organic matter into nutrients (Freitas 
et al. 2021). Organic enrichment results in increases in bio-
film and benthic algae which in turn results in decreases in 
oxygen, and therefore pH, as algae populations increase. Dis-
solved oxygen and pH are highly coupled in coastal ecosys-
tems so as dissolved oxygen levels decrease, pH decreases 
(Wallace et al. 2014; Carstensen and Duarte 2019). Green 
algae mats can cause increases in available organic matter 
and decreases in oxygen exchange between the sediment 
surface and water column (Rossi 2006). This reduction in 
oxygen exchange on the sediment surface can then lead to 
hypoxia and even anoxia in extreme cases, resulting in long-
term negative effects for benthic communities (Pearson and 
Rosenberg 1978; Gobler and Baumann 2016; Gerwing et al. 
2016; Drylie et al. 2020; Gerwing et al. 2023a).

A potential remediation technique that has been suggested 
to counter anticipated decreases in sediment pH due to ocean 
acidification is the application of crushed shell hash. The 
addition of crushed shell hash to intertidal mud and sand-
flats has been shown to increase sediment alkalinity, pH, 
and aragonite-saturation state within 2–3 weeks of applica-
tion (Green et al. 2009; Greiner et al. 2018; Curtin et al. 
2022; but see Drylie et al. 2019; Doyle and Bendell 2022). 
However, studies have not addressed the duration of these 
impacts on sediment carbonate chemistry.

The effects of shell hash addition on organisms within 
the sediment have varied among studies. Hard clam Merce-
naria mercenaria (0.2–0.6 mm) settlement has been shown 
to increase when crushed shell hash was applied to sediment 
(Green et al. 2013) but in another study, it had no effect on 
recruitment of M.mercenaria or soft-shell clam Mya arenaria 
larger than 1 mm (Beal et al. 2020). Drylie et al. (2019) found 
that the addition of shell hash had no effect on either sedi-
ment pH or biodiversity of infaunal invertebrates. These dif-
fering results show that there is a great deal not known about 
the effects of shell hash on infaunal communities.

The effects of sediment pH on benthic invertebrate com-
munities have not been studied as thoroughly as the effects of 
water column pH. However, where studied, these communities  
are consistently negatively impacted by declines in sediment 
pH (Widdicombe et al. 2009; Drylie et al. 2019; Appolloni 
et al. 2020). Shallow-water hydrothermal vents, also referred 
to as  CO2 volcanic seeps, are often studied as natural labo-
ratories as the vents exhibit much lower sediment pH due to 
their constant release of  CO2 (Appolloni et al. 2020). At a 
vent in the Gulf of Naples, Italy, areas close to the vent had 
the lowest sediment pH (7.56 compared to 8.1 at the control 
sites), as well as the lowest abundance and diversity of ben-
thic invertebrates but the highest evenness, suggesting a more 
homogenized infaunal community (Appolloni et al. 2020). 
The relatively high level of evenness observed in lower sedi-
ment pH areas of the vents is due to the benthic communities 
becoming more homogenized as the environmental conditions 

become more extreme (Agostini et al. 2018; Brustolin et al. 
2019; Appolloni et al. 2020). Negative effects of decreased 
pH have also been observed in experiments where sediment 
pH was manipulated either through the addition of  CO2 gas 
in the laboratory (Widdicombe et al. 2009) or through the 
use of fertilizer, and subsequent increase in organic matter, in 
the field (Drylie et al. 2019). This shift to more homogenized 
communities may be a consequence of future ocean acidifi-
cation, depending on the severity of pH decrease, but more 
work needs to be done to fully understand how infaunal com-
munities respond to changes in sediment carbonate chemistry.

Macroalgae and other plant matter naturally wash up in 
the intertidal during high tides, which results in increases in 
nitrogen and phosphorus levels as the macroalgae decomposes 
over time (Rossi 2006). As nutrients, in the form of macroal-
gae (Ulva spp.) and fertilizer, become more readily available, 
deposit-feeding invertebrates often experience increases in 
abundance (O’Brien et al. 2010). O’Brien et al. (2010) found 
that the addition of fertilizers resulted in significant decreases 
in porewater pH while the addition of macroalgae resulted 
in increases in Capitella sp. abundance. Polychaetes in the 
family Capitellidae are a disturbance-selective taxon as their 
abundances increase in the presence of organic enrichment 
(Pearson and Rosenberg 1978; Gerwing et al. 2016; Gerwing 
et al. 2023b). However, too much decomposition due to large 
amounts of macroalgae results in anoxic conditions occurring 
that can then lead to decreases in abundance of all non-anoxic 
tolerant species (O’Brien et al. 2010). In contrast, in other 
studies the addition of macroalgae did not cause significant 
changes to the community composition (Rossi 2006), due 
potentially to a high amount of grazing activity by highly 
mobile species of snails (e.g., Rossi 2006; O’Brien et al. 
2010). The extent to which algae decomposition is a driver 
in benthic communities’ responses to additional macroalgae 
presence in the intertidal can vary (Rossi 2006; O’Brien et al. 
2010; Drylie et al. 2020).

There are a limited number of studies which experimen-
tally tested the effects of either organic matter, in the form 
of macroalgae, or the application of crushed shell hash on 
infaunal benthic species or communities and these studies 
have found variable effects. There are only two that con-
sider both factors combined. Greiner et al. (2018) looked at 
how a single species, the clam, Ruditapes philippinarum, 
responded to the addition of shell hash when there was 
macroalgae naturally present versus absent on intertidal 
beaches. Macroalgae presence reduced sediment pH while 
shell hash presence increased sediment pH (Greiner et al. 
2018). R. philippinarum had greater growth in the presence 
of macroalgae but shell hash had no impact (Greiner et al. 
2018). Drylie et al. (2019) examined the effects of addition 
of fertilizer and shell hash on benthic community structure 
and ecosystem functioning in an experiment on an inter-
tidal sandflat in New Zealand. Benthic community structure 
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was significantly impacted by fertilizer, which increased the 
number of species and decreased total abundance, but not by 
shell hash addition (Drylie et al. 2019). Drylie et al.’s (2019) 
and Greiner et al.’s (2018) experiments were conducted on 
sandy beaches and as far as we are aware, there have been no 
studies that experimentally manipulated shell hash and mac-
roalgae in combination to determine the combined effects 
of macroalgae and shell hash on both sediment chemistry 
and infauna.

Factors that influence carbonate chemistry of sediment 
can impact not only abundance but also ecosystem function-
ing and biological trait prevalence. Effects on ecosystem 
functioning have generally not been addressed in previous 
experiments that added organic matter or shell hash, with 
the exception of Drylie et al. (2020) who found that func-
tional evenness increased as organic matter levels increased. 
Biological trait analysis (BTA) uses life history, behavioral, 
and morphological characteristics of a species assemblage 
to investigate ecological functioning (Bremner et al. 2006; 
Violle et al. 2014). BTA can be used to evaluate impacts 
of disturbances and environmental change (Bremner et al. 
2006; Pacheco et al. 2011; Gogina et al. 2014; Teixidó et al. 
2018; Villnäs et al. 2018; Beauchard et al. 2021), which 
can then be incorporated into conservation and manage-
ment practices (Miatta et al. 2021). Beauchard et al. (2021) 
found that biological trait combinations can be responsive 
to trawling disturbances and can be useful for developing 
vulnerability indicators. It is becoming especially impor-
tant to consider functional diversity as some ecosystems are 
experiencing rapid changes in the community composition 
due to those changes in environmental conditions. Under-
standing how functional diversity may change in future 
oceanic conditions is important as changes in ecosystem 
services can have long-lasting effects (Teixidó et al. 2018). 
As environmental change is rapidly occurring, examining 
biological traits in combination with traditional analyses 
can allow researchers to determine if ecosystem services 
are impacted by these environmental changes (Tomanova 
et al. 2008; Rand et al. 2018).

We conducted a field experiment on an intertidal mudflat 
in the Bay of Fundy, Canada, to investigate how the infaunal 
invertebrate community and sediment carbonate chemistry 
responded to the addition of transplanted green algae and/or 
crushed shell hash. The addition of shell hash was expected 
to cause an increase in sediment pH while the addition of 
green algae was predicted to result in a decrease in sediment 
pH through its decomposition. Our objective was to see how 
changes in sediment carbonate chemistry would affect infau-
nal invertebrate communities by using multivariate and uni-
variate analyses to determine how abundance, composition, 
and biological traits of the infaunal invertebrate commu-
nity were impacted by the algae and shell hash treatments. 
We also examined how much multivariate variation in the 

community was explained by natural variation in sediment 
characteristics including pH.

Methods

Experimental Setup

A field experiment was conducted on an intertidal mud-
flat in the Bay of Fundy in Lepreau, NB (45°07′51.8″N, 
66°28′27.8″W), from July to September of 2020 (Fig. 1). 
The tidal range at this site was approximately 6.5 m. On this 
intertidal mudflat, there are two distinct sides separated by a 
freshwater inflow. We set up our experiment on the western 
half of the mudflat (approximately 4500  m2) as the other 
side of the mudflat was experiencing a macroalgal bloom 
prior to the start of the experiment. The western half did not 
show any signs of macroalgal bloom when the experiment 
began nor by the end of the experiment. Additionally, the 
western half of the mudflat had a clear neap high tide mark 
due to the presence of salt marsh grass, which allowed us 
to identify the mid-tide region of the mudflat more clearly. 
The mudflat in Lepreau has an average sediment grain size 
of 73.7 μm with low organic content (2.65%). The infau-
nal communities at intertidal sites in the Bay of Fundy are 
commonly comprised of the soft-shell clam Mya arenaria, 
the amphipod Corophium volutator, Nematoda spp., the 
oligochaete Clitellio arenarius, and polychaetes Hediste 
diversicolor and Streblospio benedicti, among many other 
species (Steele 1983; Gerwing et al. 2015, 2016; McGarrigle 
and Hunt 2024). Deposit and suspension-feeding infaunal 
species were the dominant feeding groups that occurred in 
Bay of Fundy infaunal communities.

There were two treatment factors in our factorial experi-
ment, shell hash and green algae addition, with three levels 
per factor (none, low, and high). There was thus a total of 
nine combinations of the two factors as well as an undis-
turbed control. The undisturbed control was compared 
against the procedural control (treatment combination of no 
shell hash and no algae) in which the sediment was manu-
ally disturbed in a similar fashion as the shell hash and algae 
addition treatments to determine if the disturbance of the 
sediment resulted in any changes to the sediment carbonate 
chemistry or infaunal community. There were eight repli-
cates of each treatment combination set up in a randomized 
block design with one replicate per block (Fig. 1). The 
blocks were the unit of replication for the statistical analysis.

The addition of shell hash was expected to cause an 
increase in  CaCO3 concentration resulting in the increased 
availability of  CO3

−2, which would then cause a feedback 
loop where  HCO3

− ion and  H+ ions also increased, result-
ing in an increase in pH and a decrease in the variability of 
the sediment pH due to the buffering ability of shell hash. 
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For shell hash, we used shell fragments (primarily soft-shell 
clam, Mya arenaria) remaining from a historical clam pro-
cessing plant on a different part of the same mudflat, which 
were collected, crushed (mean size of 1.31  cm2), and then 
applied to the low and high shell hash treatments. The low 
treatment had 1.00 kg/m2 of shell hash added to the treat-
ment plots while the high treatment had 2.00 kg/m2 of shell 
hash added. These amounts were chosen based on Green 
et al. (2009), the only other study that has looked at amounts 
of shell hash added to the sediment, in which 1.20 kg/m2 
was added in a shell hash addition experiment to cover 45% 
of their treatment plot surface. We wanted to fully cover the 
treatment plots in a thin layer of shell hash without interfer-
ing in the burrowing behavior of organisms living near the 
sediment surface; therefore, we increased the shell hash con-
centration to 2.00 kg/m2 for the high shell hash treatment. 
The shell hash was sprinkled over the plot and then gently 
pressed into the surface of the mud.

The second treatment was the addition of tubular/filamen-
tous green algae. The green algae addition was predicted to 
reduce pH through the increase and subsequent decompo-
sition of organic matter. As with the shell hash, the green 
algae used in the experiment was collected from the east-
ern side of the mudflat and then attached to the treatment 

plots using stainless steel wire pegs. The western side of 
the mudflat had very little green algae present at the start 
of the experiment. A mixture of two species of green algae 
was used: Ulva intestinalis and Chaetomorpha melagonium. 
The low algae treatment plots had 0.76 kg/m2 of algae added 
while the high algae treatment plot had 1.52 kg/m2 of algae 
added. The amount of spatial coverage of the algae was the 
primary consideration when selecting the chosen concen-
trations. Plots were never 100% covered, with the average 
depth of the algae added being less than 1 cm to reduce the 
potential for anoxia unrelated to decomposition.

Eight blocks were randomly placed in two rows of four 
blocks on the western side of the mudflat in the mid- to 
high-intertidal zone (Fig. 1). The locations of the blocks 
were selected to capture the full range of sediment grain 
size present on the flat as well as to vary the proximity to 
the salt marsh at the top of the shore. Blocks were placed 
approximately 5–10 m apart. Within each block, there was 
one plot (0.29  m2) randomly assigned to each of the 10 treat-
ment combinations (randomized block design), including 
one undisturbed control. Within each block, plots were ran-
domly arranged in a column to provide space on each side, 
to avoid stepping in the treatment plots when sampling. Each 
plot was 31 cm away from its neighboring plot to allow a 

Fig. 1  Map of study site and diagram of experimental design for 
2-month field experiment where crushed Mya arenaria shell and/or 
green algae was transplanted to the experimental plots (n = 8 rand-
omized replicate blocks). A Map of Canada showing where the study 
was completed, B map of region of Bay of Fundy where study area 

was located, C area where experiment was conducted on the western 
side of the mudflat, D location of treatment blocks (6 m long × 1.5 m 
wide; on the mudflat), E placement of the 10 treatment plots (ran-
domly assigned treatments; area = 0.29  m2) within the treatment block 
design. Note: diagram not to scale
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buffer between treatment plots in the event of spillover shell 
hash or algae.

Field Sampling

All treatment plots were sampled twice at low tide, at the 
end of months 1 (August 4–6, 2020) and 2 (September 
5–7, 2020), for the infaunal community and pH profiles. 
One sediment core (diameter 6.4 cm × 5 cm deep) was col-
lected per treatment plot using a plastic cylinder. Cores were 
then placed in plastic containers of the same size and trans-
ported back to the lab on ice. These cores were used for both 
pH profiles and infaunal community analysis. At the end 
of the experiment, an additional sediment core (diameter 
6.4 cm × 5 cm deep) was collected from each treatment plot 
to be used for sediment characteristic analysis to measure 
mean grain size, sorting, skewness, kurtosis, organic mat-
ter content, and carbonate content. These samples were col-
lected using the same plastic cylinder as the biodiversity/pH 
profile cores and frozen for later analysis.

Due to the length of time required in the lab to complete 
the pH profiles, not all treatment plots were sampled on the 
same day. Instead, they were sampled on three consecutive 
days. All treatment plots within a block were sampled on the 
same day. The order in which the blocks were sampled was 
randomly selected for each month to avoid bias. Sampling 
on the treatment plots was conducted on the one side of the 
plot in 1 month and then on the other side in the second 
month. The side that was sampled first was chosen randomly 
to reduce potential for sampling bias.

Laboratory Processing

pH profiles were measured in each of the sediment cores 
using a Unisense microelectrode pH-500 probe and Unisense 
pH/Redox Uniamp meter at 0.5-cm intervals from surface 
(0 cm) to 3-cm depth within the core. A Velmex Unislide 
system was used to position the probe at precise depth 
measurements. Three profiles were measured in each sedi-
ment core. The cores were stored on ice in a cooler and then 
allowed to warm slightly to complete pH profiles at a similar 
temperature (13–20 °C) as the mudflat. All pH profiles were 
completed within 6 h of collection. These measurements 
cannot be made in situ due to the fragility of the pH micro-
electrode tool used and the necessity of the positioning sys-
tem to achieve measurements every 0.5 cm. There was the 
potential that transporting the cores back to the lab impacted 
the pH of the samples. While the extent to which this delay 
in measurement changed the pH is unknown, our measure-
ments were made within the timeframe recommended for 
measurements of water pH (Pimenta and Grear 2018).

After the pH profiles were completed, sediment cores 
were rinsed over a 500-μm sieve with freshwater to separate 

invertebrates from most of the sediment. A 500-μm sieve 
was chosen to focus on smaller macrofauna, given their 
importance to ecosystem services. The remaining mate-
rial > 500 μm in size was transferred into a jar and preserved 
with 95% ethanol. These samples were then examined under 
a dissecting scope for invertebrates, which were identified 
to the lowest taxonomic level possible, based on morpho-
logical features, and enumerated. The taxonomic level the 
invertebrates were identified to varied from species level 
(74%) to phylum level (5%) (Supplementary Information 2 
Table S1). Identification of infauna to different taxonomic 
levels is unlikely to affect the results of ecological analyses 
of infauna (Gerwing et al. 2020).

The invertebrate species composition and abundance were 
then used to determine univariate biological metrics and to 
carry out multivariate analysis of community composition, 
and functional traits (see “Biological Trait Analysis (BTA)”).

Sediment samples were processed to conduct sediment 
grain size analysis as well as determine percent organic 
matter and percent carbonates. Approximately 150–175 g 
of wet sediment was placed in a drying oven at 70 °C for 
at least 48 h and then weighed to determine the porosity of 
each sample based on the change in weight of the sample. 
The samples were then placed into a sediment shaker for 
the grain size analysis for 20 min and the sediment in each 
sieve was then weighed. The sieve sizes used were 4 mm, 
2 mm, 1 mm, 710 μm, 500 μm, 250 μm, 125 μm, and 63 μm. 
Mean (± standard deviation) grain size, skewness, and kur-
tosis were calculated in R (function “granstat” from “G2Sd” 
package, Fournier et al. 2014) based on the sediment grain 
size analysis. The percent organic content and carbonate 
matter in the sample were estimated using the loss on igni-
tion method described by Heiri et al. (2001). A 2–3-g sub-
sample of each sediment sample was dried for 48 h at 70 °C, 
weighed, and then placed into a muffle furnace for 4 h at 
550 °C. Once the sample cooled, it was reweighed, and the 
percent loss was used as the estimated percent organic con-
tent in the sample. To estimate the percentage of carbonate 
matter within the sample, the percent loss of weight of the 
subsample was then determined after being placed into the 
muffle furnace for an additional 2 h at 950 °C.

Biological Traits

Biological trait analysis can be used to evaluate ecosystem 
functioning. We were interested in looking at traits related 
to bioturbation potential (sediment reworking mode and 
position in relation to the surface of the sediment), resil-
ience stability (longevity, maximum size), feeding mode, 
dispersal potential (reproductive frequency, larval type, 
and duration of planktonic larval stage), hypoxia exposure 
(exposure potential, position in sediment, habitat struc-
ture, and motility), hypoxia sensitivity, and AMBI (AZTI’s 
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Marine Biotic Index) score (Borja et al. 2000). The traits 
used were selected based on work by Pacheco et al. (2011), 
Gogina et al. (2014), and Villnäs et al. (2018) due to their 
importance to the environmental stability of the mudflat 
habitat. Hypoxia exposure and sensitivity as well as the 
AMBI (Borja et  al. 2000) were included to capture the 
potential impacts of coastal acidification and eutrophica-
tion on the species present on the mudflats. The AMBI is 
used to quantify the response of soft-bottom communities 
to changes in environmental conditions related to human 
disturbance (Borja et al. 2000). The AMBI is determined 
based on the sensitivity of a species to an increasing stress 
gradient according to the AZTI-AMBI statistical software 
(Borja et al. 2000). Traits were determined for each species 
using bibliometric analysis (reviewed in Lam-Gordillo et al. 
2020), utilizing previous studies on the species or related 
species (see Supplementary Materials 2, Table S1 for full 
list of traits and literature used).

To analyze the biological trait information collected, the 
traits assigned to the individual species (modalities) had to 
be converted to numbers. The trait modalities were scored, 
ranging from 0 to 5, according to their contribution to the 
overall trait of interest, as based on the framework of Villnäs 
et al. (2018). Trait modalities were determined using pub-
lished classification and taxonomic sources of information, 
depending on the level of information available in the litera-
ture. For example, sediment reworking mode was used as a 
metric for measuring bioturbation potential. If the species 
did not transport any sediment, then it was assigned “no 
transport” and scored a 0, while a surficial modulator was 
scored a 1, a tube-dwelling species was scored a 2, a biodif-
fuser scored a 3, and a gallery diffuser scored a 5. This was 
done for every modality for every trait of interest (see Sup-
plementary Information 2, Table S2).

Statistical Analysis

Multivariate Analysis

Primer-e v.7 (PRIMER-e, Quest Research Ltd, New Zea-
land) was used to complete permutational ANOVAs (PER-
MANOVAs) to determine significant effects of the shell 
hash and algae treatments on the infaunal community com-
position and biological traits (see “Biological Traits”). The 
data were dispersion-weighted and then square-root trans-
formed before Bray–Curtis similarity matrices were cal-
culated. The community data was dispersion-weighted to 
reduce the contribution of dominant taxa and those with 
clumped spatial distributions while considering the vari-
ance of individual species. The square-root transformation 

balanced the need to reduce the contribution of the domi-
nant taxa while also maintaining the importance of the rare 
species. Block was a random factor in these analyses with 
shell treatment and algae treatment as fixed factors and 999 
permutations were used. The two months were analyzed 
together as well as separately, so month was a fixed factor 
in some of the PERMANOVAs. Non-significant interactions 
(p-value > 0.10) were pooled and interpreted as contribut-
ing to the proportion of variation not accounted for by the 
treatments (pers. comm., Marti Anderson). Any significant 
interactions (p-value < 0.05) were followed up with pairwise 
PERMANOVAs. Pairwise comparisons were not adjusted 
for familywise error rates.

PRIMER-e was also used to complete distance-based lin-
ear modeling (DISTLM) to determine the amount of vari-
ation observed in the multivariate community composition 
of the different treatment plots explained by sediment pH 
and sediment characteristics. DISTLMs were run for month 
1 and month 2 separately as well as combined. Models were 
run for month 1 for both procedural control plots and for all 
plots to determine any difference in the explanatory power 
of the abiotic conditions for natural variation versus the 
experimental conditions. This analysis was not completed 
for month 2 due to the lack of any effects of the experimental 
treatments on the infaunal invertebrate community. There 
were five variables included in the DISTLMs: sediment pH 
at 3.0 cm, mean grain size, sorting (the spread of grain sizes 
around the mean), percent organic matter, and percent car-
bonates. Sediment pH was highly correlated between depths 
(measured every 0.5 cm from 0–3 cm), so only the depth 
which explained the most variation (3.0 cm) was included in 
the models. This was determined by building single variable 
DISTLM models for each sediment depth and comparing 
these using AICc scores with a AICc threshold of 2 AIC 
units (Burnham and Anderson 2004; Posada and Buckley 
2004; Richards 2005; Burnham et al. 2011). Then, the model 
with the best AICc score was chosen (depth 3.0 cm) as it 
explained the most variation in the infaunal community 
composition. Marginal tests were used to determine the pro-
portion of variance in invertebrate community composition 
that was explained by each sediment characteristic. The best 
model was then determined based on AICc scores.

Biological Trait Analysis

The numerical trait assignments of each species were then 
used to create an abundance-weighted trait by plot matrix. 
This was done using matrix multiplication of the species by 
trait and species by plot abundances matrices. This resulted 
in a matrix showing the abundance of the traits in each treat-
ment plot. The new trait by plot matrix was then used to ana-
lyze the similarities in the trait modality composition between 
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the treatment plots in month 1, month 2, and both months 
combined. PERMANOVAs were used to determine if the 
trait compositions were significantly impacted by the algae 
and shell hash treatments or varied among blocks or months 
(see “Multivariate Analysis”). Any significant interactions 
were followed up with pairwise PERMANOVAs. Pairwise 
comparisons were not adjusted for familywise error rates.

Univariate Analysis

Data were analyzed in R Studio v. 1.3.1093 with a signifi-
cance level of 0.05 used for all analyses. Generalized linear 
mixed models (GLMM) were constructed to determine the 
effects of the shell hash and algae treatments on univari-
ate abiotic and biotic variables. The dependent abiotic vari-
ables examined included sediment pH, porosity, mean grain 
size, skewness, kurtosis, proportion of organic matter, and 
proportion of shell hash. The dependent variables for the 
univariate biological metrics were species richness and total 
abundance. It should be noted that not all organisms were 
identified to the species level, meaning that the biological 
metric species richness actually represented taxa richness. 
We will refer to taxa as species as most of the organisms 
were identified to the species level. The abundances of 
the ten most abundant species were analyzed separately to 
determine the effects of the algae and shell hash treatment 
on these species. We chose to analyze the top ten species 
vs. another number based on the presence of these species 
across the treatment blocks in a shade graph. The remaining 
species identified within the samples were not present in all 
treatment blocks and were therefore not analyzed individu-
ally. In both the abiotic and biotic univariate statistical mod-
els, algae treatment, shell hash treatment, and all possible 
interactions were fixed effects; depth was an additional fixed 
factor in the sediment pH models. Months were analyzed 
separately due to the differences in the abiotic conditions, 
specifically sediment pH, between the two months. “Block” 
was a random effect in all the GLMM models as we wanted 
to account for the spatial variability across the blocks, but 
we were not explicitly interested in comparing the individual 
treatment blocks. For sediment pH models, “core” was also 
a random intercept in the GLMM models due to the multiple 
pH measurements per core. “Block” was the unit of replica-
tion for the statistical analysis, therefore n = 8. The “glmer” 
function in the “lme4” package (Bates et al. 2015) and “glm-
mTMB” function in the “glmmTMB” package (Brooks et al. 
2017) were used to build the models.

For each dependent variable, a series of models with all 
fixed and random factors were constructed with the potential 
distribution families (Gaussian, Poisson, and negative bino-
mial for discrete data; normal, beta, and gamma for continu-
ous data). The models with different distributions were then 

compared to identify the best fit for each dependent variable 
based on Akaike information criterion (AICc) scores with 
an AICc value threshold of 2 AIC units. Once the best full 
model was identified for each dependent variable, residual 
plots were checked to confirm homogeneity of variances 
and normality (where applicable). Then, the p-values of the 
likelihood ratio tests were determined using the “Anova” 
function in the “car” package, for the model coefficients 
were used to identify significant effects of fixed factors. 
Generalized linear models (GLMs; “glm” function, “stats” 
package) were also completed to examine the spatial vari-
ation in abiotic characteristics; therefore, block was a fixed 
factor in these analyses to compare the abiotic characteristics 
between the different blocks.

Undisturbed and Procedural Controls

To identify if there were significant differences in the two 
control treatments (undisturbed and procedural control), for 
species richness, total abundance, and abiotic variables (pH 
profiles and sediment characteristics), linear mixed mod-
els (LMM) were built in R using the “lme” function in the 
“lme4” package, with a random intercept of “block” and 
“treatment” as a fixed factor. LMM were used rather than 
GLMM as there were no violations of the assumptions of 
normality and homogeneity of variances. PERMANOVAs 
were also used to compare the two control treatments for 
multivariate analyses, both the biological trait analysis and 
community composition analysis (see “Multivariate Analy-
sis”). The LMM and PERMANOVAs determined that there 
were no statistical differences in abiotic characteristics or 
infaunal community between the undisturbed and procedural 
controls after months 1 and 2 (p > 0.05). Consequently, only 
analyses including the procedural control are presented.

Results

Abiotic Conditions

At the start of the experiment, the percent cover of shell 
hash on the treatment plots was greater in the high shell 
hash treatment than the low and the no shell hash treatments 
(Fig. 2). This pattern was clearest in the no algae treatments 
where shell hash was more visible. There was greater algal 
coverage in the high and low algae treatments than in the 
no algae treatment (Fig. 2). By the end of month 1, there 
was a large reduction of shell hash (Fig. 2), likely due to the 
smaller pieces of shell hash washing away with the strong 
tidal currents. By the end of month 2, shell was more visible 
in the plots due to a reduction in the percent algal cover-
age, both applied and naturally occurring (Fig. 2), but much 
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of this was larger chunks of naturally present shell, not the 
experimentally applied crushed shell. The algae percent 
cover declined over time across all treatments until there 
was less than 5% algal coverage across all treatments after 
month 2 (Fig. 2).

There were clear differences in the treatment effects 
on sediment pH data between months 1 and 2. Sediment 
pH was successfully manipulated in our treatment plots 
but only in the first month of the experiment. There was 
a statistically significant interaction between shell hash 
and depth on sediment pH after month 1 (DF = 2, Chi-
Sq = 6.54, p-value = 0.04), but no significant effect of algae 
or other interactions (Table 1). As the amount of shell hash 
increased, the pH increased in the upper 1.0–1.5 cm of each 
core (Fig. 3). In the bottom 2.0 cm of each core, this trend 
reversed with the high shell hash treatment having the lowest 
rather than the highest pH at the bottom of the core, result-
ing in more similar pH values across depths in the high shell 
hash treatment than in the other two shell hash treatments 
(Fig. 3). Tukey’s tests found no significant differences in the 
sediment pH between the shell hash treatments at any depth, 
only significant differences in pH between some depths for 
the 0 and low shell hash treatments, but not in the high shell 
hash treatment. However, this indicates that the shell hash 
treatment did affect pH as the differences between depths in 
pH disappeared at the highest level of shell hash. The treat-
ment effects observed in the first month of the experiment 
disappeared by the end of the experiment. After month 2, 

there was only a significant effect of depth on sediment pH 
(Table 1) with pH increasing slightly with depth (Fig. 3), 
indicating there were no long-lasting effects of either the 
shell hash or algae treatments on sediment pH (Fig. 3).

In the GLMs testing the effects of the treatments on sedi-
ment pH (Table 1), the amount of spatial variation explained 
by block was smaller than that explained by core nested in 
block. GLMs were completed to specifically address poten-
tial spatial variation in the abiotic conditions of the differing 
blocks, which indicated that there was a highly significant 
difference in the sediment pH among the blocks after month 
1 (DF = 7, Chi-Sq = 109.06, p < 2.2 ×  10−16) and month 2 
(DF = 7, Chi-Sq = 159.35, p < 2.2 ×  10−16).

At the end of the experiment (2 months), there was no 
significant effect of shell hash, algae, or interaction of the 
two on any sediment characteristics (Fig. S1, Table S1). 
Across all treatment plots, the mean grain size aver-
aged 0.60 ± 0.595 mm and the mean organic content was 
2.77 ± 0.07%. There was some variability between blocks 
for some of the sediment characteristics while others were 
consistent (Fig. S1).

Multivariate Community Composition

The metric MDS plot showed a clear separation in the 
infaunal communities at month 1 and month 2, indicating 
temporal variation in the community composition (Fig. S2). 
As such, the 2 months were analyzed separately as well as 

Fig. 2  Boxplot of the percent coverage of A crushed shell in “0” 
algae treatments and B algae in the three levels of shell treatment 
plots at the beginning, middle (month 1), and end (month 2) of the 

2-month field experiment from early July to early September 2020 in 
Lepreau, New Brunswick
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together to examine the temporal variation in the communi-
ties in the field experiment to consider if there were differ-
ences in the effects of the two treatments on the communi-
ties between the 2 months. When looking at both months 
combined, the infaunal community composition was statisti-
cally significantly impacted by month (pseudo-F1,7 = 3.942, 
p-value = 0.018) and the interaction of the shell hash and 
algae treatments (pseudo-F4,28 = 1.665, p-value = 0.031; 
Table S2). The infaunal community composition was also 
significantly impacted by a block and month interaction 
(pseudo-F7,28 = 3.155, p-value = 0.001; Table S2). The large 
variation (36.9%) among blocks shows that an experimen-
tal design incorporating spatial variation was necessary 
(Table S2). Additionally, the significant interaction between 
block and month indicates that the spatial variation in com-
munities among blocks differed in each month. The infaunal 
community was significantly impacted by a three-way inter-
action between block, algae, and shell treatments (pseudo-
F28,28 = 1.290, p-value = 0.021; Table S2), indicating that 

there were spatial differences in the way the algae and shell 
hash treatments influenced the infaunal invertebrate com-
munity composition. There were also multiple two-way 
interactions: algae × shell, block × month, and block × algae 
(Table S2). There were no significant pairwise comparisons 
for the shell hash and algae treatment interaction (Table S3).

When month 1 was analyzed separately, there were 
three significant terms that helped to explain the variation 
in the multivariate community composition among sam-
ples (Table 2). First, there was a significant effect of block 
(pseudo-F7,28 = 6.670, p-value = 0.0001; Fig. 4A, Table 2). 
Spatial variance among the blocks explained the largest 
amount (33.5%) of the community composition variation 
(Table 2), as observed in the separation between the plots of 
the different blocks in the MDS plot (Fig. 4A). The block by 
algae interaction was also significant (pseudo-F14,28 = 1.386, 
p-value = 0.032) and explained approximately 7% of the 
variation (Table 2). This was illustrated in the MDS plot, 
where for some of the blocks, there were groupings of plots 
that shared the same algae treatment level (Fig. 4A). There 
was also a small but statistically significant effect of shell 
hash treatment (pseudo-F2,14 = 2.222, p-value = 0.020) on 
community composition that explained approximately 2.7% 
of the variation (Table 2). There was a slight distinction 
between the shell hash treatments in Fig. 4B, as the high 
shell hash treatment was slightly separated from the other 
two levels of the shell hash treatments. This was consistent 
with the pairwise tests, which indicated that the high shell 
hash treatment was significantly different from the zero shell 
hash treatment (p = 0.0275) and marginally non-significantly 
different from the low shell hash treatment (p = 0.0594). 
Approximately 53.2% of the variation in community compo-
sition was unexplained by the factors considered (Table 2).

When month 2 was analyzed separately, there was a sig-
nificant block effect (pseudo-F7,28 = 8.915, p-value = 0.0001) 
explaining 45.6% of the variation but no significant effects 
of algae or shell hash treatments or their interactions 
(Table 2, Fig. 4C), matching the lack of any treatment effects 
observed in the sediment pH at month 2. Approximately 
51.8% of the variation in community composition was unex-
plained by the factors considered (Table 3).

Connection between Abiotic Conditions 
and Multivariate Community Composition

The best DISTLM models for both procedural control 
plots and for treatment plots for month 1 included all vari-
ables. The best model for month 1 procedural control plots 
explained a larger amount of the variation in the commu-
nity (R2 = 0.38) than the best model for all the treatment 
plots (R2 = 0.18) including procedural controls. The sedi-
ment pH at 3.0 cm and mean grain size were significantly 
related to the community composition observed in the 

Table 1  Likelihood ratio table of linear mixed model results of the 
effects of algae and shell treatments and depth on sediment pH from 
cores collected after months 1 and 2 of the 2-month field experi-
ment from early July to early September 2020. Shell hash treatments 
included 0, L (1  kg/m2), and H (2  kg/m2) while algae treatments 
included 0, L (0.76  kg/m2), and H (1.52  kg/m2). *Indicates signifi-
cance below the 0.05 alpha level. The random intercept in the models 
was block (n = 8 replicates per treatment)

Variable Chi Sq DF p-value

Month 1
(intercept) 69,304.383 1  < 2.2e–16
Algae treatment 1.528 2 0.466
Shell treatment 4.889 2 0.087
Depth 24.359 1 7.99e–07*
Algae × shell 4.939 4 0.294
Algae × depth 1.763 2 0.414
Shell × depth 6.542 2 0.038*
Algae × shell × depth 3.216 4 0.522
Month 2
(intercept) 71,629.247 1  < 2.2e–16
Algae treatment 2.634 2 0.275
Shell treatment 0.096 2 0.963
Depth 6.661 1 0.014*
Algae × shell 1.390 4 0.852
Algae × depth 3.241 2 0.205
Shell × depth 4.506 2 0.118
Algae × shell × depth 1.163 4 0.886
Month Random factor Variance Std. Dev
Month 1 Block 0.001 0.035

Core × block 0.003 0.055
Month 2 Block 0.010 0.099

Core × block 0.004 0.064
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treatment plots but not the control plots (Table 3). Mean 
grain size and sediment pH explained the greatest propor-
tion of the variance with grain size explaining 7.6% in the 

controls and 7.0% in the treatment plots while sediment pH 
explained 6.9% in the controls and 6.4% in the treatment 
plots (Table 3).

Fig. 3  Box plot of sediment pH after A month 1 and B month 2 in 
the 2-month field experiment from early July to early September 2020 
in Lepreau, New Brunswick, where crushed Mya arenaria shell and/
or green algae was transplanted to the experimental plots (n = 8 rand-

omized replicate blocks). Shell hash treatments included 0, L (1 kg/
m2), and H (2 kg/m2) while algae treatments included 0, L (0.76 kg/
m2), and H (1.52 kg/m2)

Table 2  PERMANOVA results looking at sources of variation in 
the multivariate community composition of months 1 and 2 of the 
2-month field experiment from early July to early September 2020, 
where crushed Mya arenaria shell and/or green algae was trans-
planted to the experimental plots. Shell hash treatments included 0, 
L (1  kg/m2), and H (2  kg/m2) while algae treatments included 0, L 

(0.76 kg/m2), and H (1.52 kg/m2). The random intercept in the mod-
els is “block” (n = 8 replicates per treatment). p-value (perm) stands 
for p-value based on permutation tests. *Indicates significance below 
the chosen critical 0.05 alpha level (n = 8 experimental blocks). The 
three-way interaction of block × algae × shell was non-significant and 
pooled with the residual for each of the months

Source of variation DF Pseudo-F p-value (perm) Unique perms Variation 
explained 
(%)

Month 1
Block 7 6.670 0.0001* 9900 33.52
Algae 2 0.720 0.738 9938 0
Shell 2 2.212 0.020* 9922 2.74
Block × algae 14 1.386 0.032* 9832 6.85
Block × shell 14 1.011 0.458 9853 0.19
Algae × shell 4 1.529 0.063 9897 3.52
Residual 28 53.20
Month 2
Block 7 8.915 0.0001* 9921 45.58
Algae 2 1.710 0.066 9933 1.25
Shell 2 0.834 0.630 9937 0
Block × algae 14 0.817 0.846 9853 0
Block × shell 14 0.740 0.933 9854 0
Algae × shell 4 1.205 0.260 9906 1.33
Residual 28 51.83
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Biological Trait Analysis (BTA)

The biological trait composition for months 1 and 2 displayed 
some groupings in relation to the algae and shell treatments 
(Fig. 5, Fig. S3). The PERMANOVA for the combined months 
found a significant interaction between algae and shell hash 
(pseudo-F4,92 = 2.419, p-value = 0.045; Table S4; for pairwise 
tests, see Table S5) and a significant interaction between block 
and month (pseudo-F7,92 = 6.295, p-value = 0.0001; Table S4). 
This interaction between block and month indicated variation 
among the blocks differed between the months and led us to 
analyze months 1 and 2 separately.

In month 1, block explained the greatest amount of varia-
tion at 58%, with 40% of the variation unexplained (Table 4). 
The PERMANOVA on the biological trait composition for 
month 2 found that the only significant effect was a block 
effect, explaining 29.4% of the variation (Table 4, Fig. 5B). 
The unexplained variation at month 2 was 38.3%, which was 
similar to month 1. In month 1, there was a significant inter-
action between algae and shell hash (pseudo-F4,28 = 2.419, 

p-value = 0.045); however, it only explained 1.9% of the var-
iation (Table 4, Fig. 5A). A pairwise PERMANOVA indi-
cated that there was a single significant difference between 
pairs, which occurred in the low algae treatments between 
the low and high shell hash treatments (Table S6). It should 
be noted that this single pairwise interaction was one of 12 
comparisons, meaning there is a potential for this significant 
test to be a type I error, and we must interpret this interaction 
with caution. The variation explained by the interactions of 
the algae and shell treatments with block increased substan-
tially between months 1 and 2, from 1.9 to 12.4% (Table 4).

Univariate Biological Metrics

Two univariate biological metrics (species richness, total 
abundance) were calculated to examine how the algae and 
shell treatments potentially impacted the infaunal community. 
Mean species richness was 6 ± 2 (x̅ ± SD) and mean abun-
dance was 71 ± 37 infaunal invertebrates per core sample 
across both months. After months 1 (Table 5, Fig. 6) and 2 

Fig. 4  Metric MDS plots of infaunal community composition focus-
ing on the effect of A  month 1 block by algae interaction (legend 
colors represent treatment block while shapes represent algae treat-
ment), B  month 1 shell hash treatment, and C  month 2 block by 
algae interaction (for comparison to month 1) (legend colors repre-

sent treatment blocks while shapes represent algae treatment) (n = 8 
experimental blocks) in a 2-month field experiment from early July to 
early September 2020. Shell hash treatments included 0, L (1 kg/m2), 
and H (2 kg/m2) while algae treatments included 0, L (0.76 kg/m2), 
and H (1.52 kg/m2)
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(Fig. S3, Table S4), there was some variation in species rich-
ness among treatments but no statistically significant differ-
ences in species richness among the treatments or interaction 
between them. Total abundance was impacted by a significant 
interaction between the treatments after months 1 (DF = 4, 
Chi-Sq = 111.888, p-value < 2.2 ×  10−16; Table 5, Fig. 6) and 
2 (DF = 4, Chi-Sq = 42.736, p-value = 1.174 ×  10−08; Fig. S4, 
Table S7). For total abundance, Tukey’s tests indicated that 
there were significant differences among some treatment 
combinations after both month 1 (Table 6) and month 2 
(Table S8); however, there was no consistent pattern in the 
differences between the combinations of the different levels 
of the two treatments.

Abundances of Individual Species

Six of the ten most abundant species collected from the 
treatment plots belonged to class Clitellata (oligochaetes), 
class Polychaeta, and phylum Nematoda (Table 7). The 
remaining four species were two bivalves and two amphi-
pods (Table 7). Among the ten most abundant species, only 
the oligochaete C. arenarius and the polychaete S. benedicti 
were significantly impacted by either treatment at the end of 
month 1 of the experiment (Table 6). After month 1, abun-
dance of C. arenarius had a significant interaction between 
shell hash and algae treatments (DF = 4, Chi-Sq = 13.036, 
p-value = 0.0004) and was lowest in the low algae, zero shell 
treatment and highest in the high algae, zero shell treatment 
combination (Fig. S5, Table 7). For S. benedicti, there was 

only a significant effect of algae on abundance (DF = 2, Chi-
Sq = 12.276, p-value = 0.002; Table 7). There was a signifi-
cant increase in the abundance of S. benedicti as the amount 
of algae added to the plots increased (Fig. S5; Tukey’s test, 
p < 0.05). After month 2, only S. benedicti and Nematoda 
spp. had significant differences between the algae treat-
ments (S. benedicti: DF = 2, Chi-Sq = 7.715, p-value = 0.021; 
Nematoda spp.: DF = 2, Chi-Sq = 10.377, p-value = 0.006; 
Fig. S6, Table S9). Tukey’s tests (p < 0.05) indicated a small 
significant difference between only the zero and low algae 
treatments at month 2; however, there was a lot of variability 
in abundance among the treatment combinations.

Discussion

In our study, we were able to slightly manipulate sediment 
pH through the addition of shell hash but not algae, while 
both treatments affected infaunal communities individually. 
The manipulations did not have long-lasting effects on pH, 
however, and since there was not a persistent change in sedi-
ment pH, this likely contributed to the small response by the 
infaunal community. Spatial variation at the 10 s of meter 
scale, represented by block, explained more infaunal com-
munity variation than any other factor, while the shell hash 
and algae experimental treatments explained a relatively 
small percentage of the variation (0–3%). Spatial variation 
among blocks also influenced the response of the infaunal 
communities to the algae treatments as algae treatments had 
an impact in some blocks and not in others. Spatial factors 
commonly explain the majority of infaunal community vari-
ation in marine intertidal systems (e.g., Gerwing et al. 2016; 
Sizmur et al. 2019; Gerwing et al. 2023a, b). The factors 
that could be driving the spatial variation in the infaunal 
community in our experiment include natural patchiness, 
distance from freshwater discharge, and distance from marsh 
edge. The differing sediment characteristics and sediment 
pH observed among the blocks explained around 18% of 
the total variation in infaunal communities, which is consist-
ent with the significant spatial variation in sediment char-
acteristics among the blocks for all but one sediment grain 
size characteristic. Gerwing et al. (2016) found that infaunal 
invertebrate communities are highly influenced by tempo-
ral and spatial variation, explaining approximately 79% of 
the variation in community composition. A follow-up study 
by Gerwing et al. (2023b) also found that spatial variation 
accounted for a large percentage of variation in community 
composition but that elemental concentrations accounted 
for an even larger amount of variation. Spatial variation has 
been shown to be more significant than temporal variation 
for some species of infauna, accounting for 50–60% of the 
total variation in species abundances in estuarine soft-sed-
iment intertidal habitats in the Netherlands (Ysebaert and 

Table 3  Marginal test results of DISTLM to determine the propor-
tion of variation in the community composition explained by abiotic 
variables for month 1 of the 2-month field experiment from early July 
to early September 2020 for the treatment plots (including the pro-
cedural controls) and the procedural controls only. *Indicates signifi-
cance below the chosen critical 0.05 alpha level

Selection Variable SS Pseudo-F p-value Proportion

Month 1 controls
2 Mean grain size 1631.2 1.148 0.344 0.076
1 Sediment pH 

3.0 cm
1484 1.037 0.413 0.069

3 Organic content 1409.5 0.981 0.450 0.066
4 Carbonates 

content
1405.2 0.978 0.451 0.065

5 Sorting 1046.7 0.716 0.644 0.049
Month 1 all plots
2 Mean grain size 9360.9 5.1856 0.0001* 0.070
1 Sediment pH 

3.0 cm
8624.5 4.749 0.0002* 0.064

4 Carbonates 
content

2597.6 1.3645 0.205 0.019

3 Organic content 2432.5 1.2767 0.250 0.018
5 Sorting 1673.1 0.8723 0.527 0.012
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Herman 2002). These studies are consistent with our results 
as spatial variability was the greatest explanatory variable. 
The differences in community composition among blocks 
are likely due to a combination of sediment characteristics 
and other variables that were not measured including abiotic, 
such as other carbonate chemistry variables, and biotic, such 
as microphytobenthos biomass, variables.

The presence of shell hash had a statistically significant 
impact on the benthic invertebrate community on the mud-
flat after one month; however, it explained only 2.74% of 
the variation in community structure. Previous literature 
has investigated the potential of shell hash as a remedia-
tion technique against predicted coastal acidification and 
those studies have found mixed results with there being 
instances of shell hash positively impacting communities 

(e.g., Wilding and Nickell 2013; Brustolin et al. 2022) and 
some instances where there was no effect (Drylie et al. 
2019; Beal et al. 2020; Doyle and Bendell 2022). Brustolin 
et al. (2022) suggested that there is site-level variation in 
the effectiveness of shell hash as a remediation technique, 
where the addition of shell hash enhanced species richness 
at some sites but not others. The effectiveness of shell hash 
addition may be driven by environmental conditions, such 
as sediment characteristics, or by biotic factors, such as 
high abundance of bioturbating species, which may have 
difficulty burrowing. As our study was only completed 
at one site, we cannot test this potential explanation. In 
Wilding and Nickell (2013), the presence of shell hash 
influenced macrobenthic diversity with species rich-
ness increasing as the amount of shell hash increased. 

Fig. 5  Metric MDS plot looking 
at biological trait composition 
in A month 1 and B month 2 
in relation to algae (A: 0, L, 
H) and shell hash (S: 0, L, H) 
treatments in the 2-month field 
experiment from early July to 
early September 2020. Circles 
are 0 algae, triangles low algae, 
and squares high algae. Red 
points are zero shell, blue points 
low shell, and green points high 
shell. Shell hash treatments 
included 0, L (1 kg/m2), and H 
(2 kg/m2) while algae treat-
ments included 0, L (0.76 kg/
m2), and H (1.52 kg/m2)
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This suggests that shell hash was beneficial for the ben-
thic species found in their samples. Their observational 
study had a potential confounding variable, however, as 
organic matter enrichment also co-varied with distance 
from mussel beds and shell hash content (Wilding and 
Nickell 2013). Our experiment did not have an increase in 
species richness associated with the addition of shell hash. 
This suggests that perhaps the increase in species richness 
in Wilding and Nickell (2013) with increasing shell hash 
may have been linked to the co-varying organic matter. 
The presence of shell hash has also been documented as 
promoting sediment heterogeneity in physical properties, 
especially in muddy habitats, thus promoting more diver-
sity in community composition (Brustolin et al. 2022).

Changes in sediment carbonate chemistry, especially the 
depth at which these changes occur, may be another cause 
for the effects observed on community composition in other 
studies as infaunal species inhabit the sediment at different 
depths. Therefore, changes to one depth may impact one 
species while other species will not be affected. In the pre-
sent study, there was a significant interaction between shell 
hash addition and sediment depth on sediment pH, indicat-
ing that the shell hash treatment altered sediment chemistry 
by reducing the change in pH with depth. The sediment pH 
between the surface and 3-cm depth increased noticeably 
less in the high shell hash treatment (0.7%) than in the low 
shell hash (1.5%) and the zero shell hash (1.2%) treatments. 
These observed changes in sediment pH were very small. 
A study done in salt marshes also found that the addition 
of crushed shell increased pH and reduced variability in 
pH (M.P. Kollegger, unpub. data). In contrast, Drylie et al. 

(2019) and Beal et al. (2020) both found that sediment pH of 
intertidal mudflats was not influenced by shell hash no mat-
ter the concentration of shell hash added. Doyle and Bendell 
(2022) found that sediment pH increased by 0.1 pH units 
from the application shell hash at only one site, indicating 
spatial variation in the effects of shell hash on pH. Changes 
in sediment pH or the physical properties of the added shell 
hash may be mechanisms that led to a small change in the 
benthic community detected in the present study.

Table 4  PERMANOVA 
results looking at sources of 
variation in the biological trait 
composition after months 1 
and 2 of the 2-month field 
experiment from early July 
to early September 2020, 
where crushed Mya arenaria 
shell and/or green algae was 
transplanted to the experimental 
plots. The random factor in 
the models was block (n = 8 
replicates per treatment). Shell 
hash treatments included 0, 
L (1 kg/m2), and H (2 kg/
m2) while algae treatments 
included 0, L (0.76 kg/m2), and 
H (1.52 kg/m2). p-value (perm) 
stands for p-value based on 
permutation tests. Pairwise test 
results in Table S6. *Indicates 
significance below the chosen 
critical 0.05 alpha level

Source of variation DF Pseudo-F p-value (perm) Unique perms Variance 
explained 
(%)

Month 1
Block 7 7.904 0.0001* 9952 57.58
Algae 2 0.584 0.577 9953 0.46
Shell 2 1.378 0.276 9962 0
Block × algae 14 1.350 0.223 9934 0
Block × shell 14 2.106 0.034* 9937 0
Algae × shell 4 3.596 0.014* 9947 1.89
Residual 28 40.06
Month 2
Block 7 8.924 0.0001* 9921 29.39
Algae 2 1.707 0.065 9933 0
Shell 2 0.828 0.633 9937 1.27
Block × algae 14 0.819 0.841 9853 4.47
Block × shell 14 0.743 0.928 9854 14.12
Algae × shell 4 1.214 0.262 9906 12.43
Residual 28 38.31

Table 5  Likelihood ratio table of generalized linear mixed model 
results of the effects of algae and shell treatments on univariate bio-
logical metrics after month 1 of the 2-month field experiment from 
early July to early September 2020. Shell hash treatments included 0, 
L (1  kg/m2), and H (2  kg/m2) while algae treatments included 0, L 
(0.76 kg/m2), and H (1.52 kg/m2). The random intercept in the mod-
els was block (n = 8 replicates per treatment). Tukey’s test results in 
Table 6. *Indicates significance below the chosen critical 0.05 alpha 
level

Index Treatment Chi-Sq DF p-value

Species richness Shell 0.040 2 0.980
Algae 1.485 2 0.486
Interaction 0.709 4 0.950

Abundance Shell 1.359 2 0.5194
Algae 63.891 2 1.34e–14*
Interaction 111.888 4  < 2.2e–16*

Index Random effect Variance Std. Dev
Species richness Block 2.136 1.461
Abundance Block 0.111 0.334
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Although algae addition did not alter sediment pH, the 
presence of algae changed the multivariate infaunal com-
munity composition including through interactions between 
algae and other factors. However, the algae treatment did 
not explain a large amount of the variation compared to 
the effect of block. The algae may have acted as either a 
food source or refuge for potential food sources for several 

infaunal species, such as polychaete and oligochaete worms, 
which were observed in greater abundance in those treat-
ments. In the present study, the total abundance of infauna 
in the high algae, zero shell treatment combination was the 
highest of any of the treatment combinations, another indi-
cation that the simple presence of algae altered the commu-
nity. Algal cover has been observed to explain variation in 
infaunal invertebrate abundance on intertidal mudflats (e.g., 
Campbell et al. 2019, 2020). The naturally occurring algal 
cover in Campbell et al. (2019) and Campbell et al. (2020) 
explained approximately 11% of the variation in the infau-
nal invertebrate community and thus appeared to be more 
influential on the invertebrate community than the algal 
treatment in the present study. Another study conducted on 
an intertidal mudflat found that the addition of macroalgae 
resulted in an increase in the abundance of deposit-feeding  
infauna (O’Brien et  al. 2010). They observed that the 
increase in abundance was related directly to the increase 
in the available nutrients (O’Brien et al. 2010). In contrast, 
Rossi (2006) found that the addition of Ulva spp. algal detri-
tus did not cause major changes to benthic communities, 
similar to our study as we only found a small effect. Rossi 
(2006) suggested that the response of a soft-bottom commu-
nity to algal detritus will be entirely dependent on how every 
single species is impacted by the direct and indirect effects 
of the algae. Some species may benefit from the increased 
availability of food while others are negatively impacted by 

Fig. 6  Box plots of univariate 
biological metrics (A) species 
richness and (B) total abun-
dance of invertebrates from 
month 1 of the 2-month field 
experiment from early July to 
early September 2020 where 
crushed Mya arenaria shell and/
or green algae was transplanted 
to the experimental plots (n = 8 
randomized replicate blocks). 
Shell hash treatments included 
0, L (1 kg/m2), and H (2 kg/m2) 
while algae treatments included 
0, L (0.76 kg/m2), and H (1.52 
kg/m2)

Table 6  Tukey’s test results for the GLMM interaction of algae and 
shell addition on total infaunal invertebrate abundance after month 1 
of the 2-month field experiment from early July to early September 
2020. Shell hash treatments included 0, L (1 kg/m2), and H (2 kg/m2) 
while algae treatments included 0, L (0.76 kg/m2), and H (1.52 kg/
m2). Main test results in Table  5. *Indicates significance below the 
chosen critical 0.05 alpha level

Algae treatment Shell treatment

Shell Algae p-value Algae Shell p-value
0 0 vs L 0.891 0 0 vs L 0.999

0 vs H  < 0.001* 0 vs H 0.979
L vs H  < 0.001* L vs H 1.000

L 0 vs L  < 0.001* L 0 vs L  < 0.001*
0 vs H 0.999 0 vs H  < 0.001*
L vs H  < 0.001* L vs H  < 0.001*

H 0 vs L  < 0.001* H 0 vs L  < 0.001*
0 vs H 0.925 0 vs H  < 0.001*
L vs H 0.047* L vs H 0.834



1632 Estuaries and Coasts (2024) 47:1617–1636

the potential anoxia due to the algal mats (Rossi 2006). The 
reduced influence of algae on the infaunal community in our 
study may be due to the form of green algae (filamentous) 
chosen to transplant within the mudflat, the low density of 
macroalgae added to the plots, and the washing away of 
some algae over time. The algal species used were chosen 
due to their high abundance in the area.

Contrary to what was expected, the addition of green 
algae to the treatment plots did not result in a change in 
the sediment pH in either month of the experiment. It had 
been expected that the decomposition of green algae would 
result in a decrease in pH (Rossi 2006). In Drylie et al. 
(2019), the introduction of organic matter, in the form of 
fertilizer that induced increased organic matter, caused a 
decrease in porewater pH from 7.3 to 6.4, after 9 weeks, at 
the highest concentration treatment. In our study however, 
there was no effect of algae addition on sediment pH, despite 
the observation of clear algal decay on algal addition plots. 
However, anoxia in the sediment was observed, through the 

appearance of black sediment on the surface of the mud-
flat, throughout our study site after 2 months, not limited to 
the experimental plots, and therefore not connected to the 
experimental algae addition treatment. This type of anoxia 
event was an unusual event at this site and the cause of the 
event is unknown. There is potential that the widespread 
naturally occurring anoxia affected the range of pH overall 
and may have impacted our ability to detect an effect of 
algae addition in our experiment. However, other studies 
have also found no effect of algae addition on sediment pH. 
A study conducted in a salt marsh in Jamaica Bay, New 
York, also looked at how the addition of algae would impact 
sediment pH and similarly found that the addition of algae 
did not impact sediment pH at either of their sites (B.C.M. 
Kahn, unpub. data). In the present study, unlike month 1, 
after month 2, there was no significant multivariate effect 
of either the algae or shell hash treatments on the infau-
nal community. There was only a slightly higher amount of 
green algae remaining on the plots after month 2 for the high 

Table 7  Likelihood ratio table 
of generalized linear mixed 
model results (block as random 
intercept) of the effects of 
algae and shell treatments on 
individual species abundances 
from cores collected in 
month 1 of the 2-month field 
experiment from early July to 
early September 2020. Shell 
hash treatments included 0, L (1 
kg/m2), and H (2 kg/m2) while 
algae treatments included 0, L 
(0.76 kg/m2), and H (1.52 kg/
m2). *Indicates significance 
below the chosen critical 0.05 
alpha level

Phyla/class Species Distribution Treatment Chi-Sq DF p-value

Clitellata Tubificoides benedii Neg Binomial Shell 0.292 2 0.864
Algae 3.922 2 0.141
Interaction 6.268 4 0.180

Clitellata Clitellio arenarius Neg Binomial Shell 0.235 2 0.889
Algae 15.621 2 0.0004*
Interaction 13.036 4 0.011*

Polychaeta Hediste diversicolor Zero-inflated Neg Binomial 1 Shell 1.297 2 0.523
Algae 0.815 2 0.665
Interaction 4.601 4 0.331

Polychaeta Streblospio benedicti Zero-inflated Neg Binomial 1 Shell 0.336 2 0.845
Algae 12.276 2 0.002*
Interaction 7.625 4 0.106

Polychaeta Eteone longa Zero-inflated Poisson Shell 1.538 2 0.464
Algae 1.035 2 0.596
Interaction 6.794 4 0.147

Nematoda Nematoda spp. Neg Binomial Shell 2.282 2 0.320
Algae 0.535 2 0.765
Interaction 2.905 4 0.574

Amphipoda Corophium volutator Normal Shell 0.492 2 0.782
Algae 1.195 2 0.550
Interaction 1.194 4 0.879

Amphipoda Gammarus oceanicus Zero-inflated Neg Binomial 2 Shell 1.169 2 0.557
Algae 0.728 2 0.695
Interaction 3.633 4 0.458

Bivalvia Mya arenaria Zero-inflated Poisson Shell 4.549 2 0.103
Algae 3.075 2 0.215
Interaction 7.369 4 0.118

Bivalvia Limecola balthica Zero-inflated Poisson Shell 0.320 2 0.852
Algae 0.481 2 0.787
Interaction 7.086 4 0.131
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algae than the low algae treatment plots. Temporal variation 
in algal coverage is a natural phenomenon that occurs as a 
response to availability of nutrients and sunlight (Wallace 
and Gobler 2021) as well as due to algae washing away from 
the tidal currents. It was expected that there would be some 
washing away of the shell hash and algal coverage due to 
the semi-diurnal tidal cycle with an average tidal height of 
6.5 m. Metal pegs were used to retain the algae treatment on 
the treatment plots. While there was some washing away and 
consumption of the algae over time, the majority of the algae 
decomposed over time, which was anticipated. Sediment pH 
did not decrease as expected as the algae decomposed and 
it is not clear why this did not occur, perhaps suggesting 
that a larger amount of algae is needed for sediment pH to 
decrease, filamentous algae is less likely to cause anoxia and 
changes in sediment pH, or strong water flushing from tides 
reduced the effect of the algae.

Few individual species examined were affected by the 
algae or shell hash treatments. However, the oligochaete 
C. arenarius and the polychaete S. benedicti were signif-
icantly affected by an interaction of algae and shell hash 
treatments and the algae treatment, respectively. The inter-
action observed with C. arenarius, where the abundance of 
C. arenarius increased as the algal concentration increased 
but only in the zero shell hash treatment, matches the pattern 
observed with the total abundance, suggesting the signifi-
cant effect of the treatment interaction on total abundance 
was partly due to the response of C.arenarius. However, this 
pattern in abundance of C. arenarius was primarily driven 
by a single block in the experiment, suggesting a patchy 
distribution. S. benedicti abundance increased as algal treat-
ment increased as well. The transplanted green algae may 
have been acting as a refuge for potential food sources for 
C. arenarius and S. benedicti as both species are deposit 
feeders (Giere and Pfannkuche 1982; Levin et al. 1987; 
Llansó 1991; Sebesvari et al. 2006). Four other species of 
worms and the four other most populous species, belonging 
to Arthropoda and Bivalvia, were not impacted by either the 
algae or shell hash treatments. In Rossi (2006), C. volutator 
decreased in abundance when macroalgae was buried. The 
burial of algae also resulted in a non-significant decrease in 
more rare species, such as M.arenaria (Rossi 2006). In our 
study, we did not observe any difference in the abundance 
of C. volutator or M. arenaria in the differing algae or shell 
hash treatments.

Biological traits were not greatly affected by the algae 
and shell hash treatments. There was a significant inter-
action between algae and shell hash after month 1. How-
ever, the single pair of treatment combinations, out of 18 
pairwise tests, displaying a significant interaction was 
quite possibly either a type 1 error or another example of 
the spatial variation across the mudflat as this interaction 
may have been driven by responses of select blocks. The 

significant interaction between algae and shell hash treat-
ments was only observed after month 1 of the experiment, 
consistent with the general lack of effects after month 2. 
Temporal variation in trait prevalence has been observed 
in previous studies (e.g., in the Baltic Sea, Gogina et al. 
2014). As species have different reproductive seasons, 
their populations will rise and fall as environmental condi-
tions change, thus resulting in changes to trait prevalence.

Due to the small amount of variation in the infaunal com-
munity explained by the algae and shell hash experimental 
treatments, we wanted to look at what environmental condi-
tions may have contributed to the natural spatial variation 
in community composition observed in the experiment. The 
amount of variation explained by the sediment character-
istics was reduced in the treatment plots (32.5% explained 
in the control plots vs. 18.3% in all the treatment plots) but 
the cause of the reduced amount of variation explained in 
the model for all treatment plots is not clear. The abiotic 
conditions that had the largest influence on multivariate 
community composition were mean grain size and sediment 
pH in both the procedural control treatment plots and all 
treatment plots (including procedural controls).

The importance of sediment grain size has long been 
documented in the literature as different species have dif-
ferent preferences (e.g., Snelgrove and Butman 1994; Morse 
and Hunt 2013; Gerwing et al. 2016; Barbeau et al. 2019). 
Gerwing et al. (2016) found that in upper Bay of Fundy 
mudflats, abiotic variables, such as sediment grain size, 
exposure time, and oxygen availability within the sediment, 
explained 11% of the variability in the infaunal invertebrate 
community composition. Besides sediment grain size, other 
abiotic factors, such as sediment pH, can drive variation in 
infaunal communities. Shallow-water hydrothermal vents 
provide a natural example of how increased  CO2 impacts 
sediment pH and community composition, such as the vent 
in the Bay of Naples studied in Appolloni et al. (2020). 
They found that closest to the vent, sediment pH was 0.5 pH 
units lower and community diversity was lowest and that as 
sediment pH increased the diversity increased (Appolloni 
et al. 2020). In the present study, the importance of the sedi-
ment pH to multivariate community composition is likely 
not related to the experimental manipulation of shell hash 
and algae as the experimental effects of the shell hash were 
only seen at month 1 but the importance of pH is found in 
models for both months and for the procedural controls. 
Therefore, despite the small amount of pH manipulation 
through our treatments, our results indicate that sediment 
pH is influential on infaunal invertebrate communities. In 
addition to the abiotic factors driving infaunal communities, 
there are also biotic factors that influence these commu-
nities, such as predation, competition, and availability of 
food (reviewed in Huettel et al. 2014), which also should 
be addressed more in future studies.
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Our study is the first to manipulate benthic communities on 
a mudflat by adding shell hash and algae and focus on impacts 
of these treatments on both sediment pH and infaunal inverte-
brates. We found that the addition of shell hash had a signifi-
cant effect on sediment pH, but it was a small and short-term 
effect. The largest contributor to the variation observed in the 
community composition was the spatial variation among the 
blocks. This small-scale spatial variation also led to differ-
ences in the responses of the infaunal community to the shell 
and algae treatments. Algae addition influenced community 
composition and the abundance of one species, but not sedi-
ment pH, suggesting the presence of algae may have directly 
impacted the infaunal invertebrates present on the plots. There 
was little evidence that the abundance of biological traits was 
affected by the experimental treatments. There is potential for 
crushed shell hash to enhance sediment carbonate chemistry 
conditions, but it requires repeated application to have long-
standing effects. It is necessary for further field experiments 
to find a longer-term way to manipulate sediment pH to better 
understand responses to ocean and sediment acidification. This 
is especially true for the addition of shell hash as a remedia-
tion technique for coastal acidification as inducing long-term 
increases to sediment pH is essential to impacting benthic 
communities. Additionally, there needs to be further study on 
what carbonate chemistry parameters drive changes in benthic 
communities. If the individual carbonate chemistry parameters 
that influence benthic invertebrate communities are deter-
mined, then future studies can investigate how changes to those 
parameters may be influenced by future oceanic conditions.
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