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Water filtration by endobenthic 
sandprawns enhances resilience 
against eutrophication 
under experimental global change 
conditions
C. M. Thomas 1, C. de Cerff 1,2, G. A. V. Maniel 3, A. E. Oyatoye 1, E. Rocke 1, H. G. Marco 1 & 
D. Pillay 1*

Identifying processes that confer resilience against global change is a scientific challenge but is 
central to managing ecosystem functionality in future. Detecting resilience-enhancing mechanisms 
is especially relevant in coastal ecosystems, where multi-stressor interactions can drive degradation 
over time. Here, we quantify the resilience-conferring potential of endobenthic sandprawns 
against eutrophication, including under high temperatures. We show using a global change 
mesocosm experiment that sandprawn presence was associated with declines in phytoplankton 
biomass, particularly under eutrophic conditions, where sandprawns reduced phytoplankton 
biomass by approximately 74% and prevented a shift to extreme eutrophy. Eutrophic waters 
were nanophytoplankton-dominated, but sandprawn presence countered this, resulting in even 
contributions of pico- and nanophytoplankton. Our findings highlight the potential for sandprawns 
to increase resilience against eutrophication by limiting phytoplankton blooms, preventing extreme 
eutrophy and counteracting nanophytoplankton dominance. Incorporating endobenthic crustaceans 
into resilience-based management practices can assist in arresting future water quality declines in 
coastal ecosystems.

Rapid urbanisation, economic development and habitat degradation are features of coastal ecosystems in the 
 Anthropocene1–3. High human densities, increasing population growth and rising demand for habitation, indus-
try, and recreation, have intensified anthropogenic pressures on coastal ecosystems, with climate change further 
heightening ecological  stress3–5. Of concern is the potential for interactions between multiple stressors and 
intrinsic ecological processes to erode ecosystem resilience and drive shifts to undesirable  states6. Given the 
economic costs involved in environmental remediation from degraded states, preventing undesirable state shifts 
is an important objective of ecosystem  management7–9. Additionally, effecting ecosystem recovery may require 
stressors to be reduced to levels that predated degradation, but achieving this is  difficult10. Preventing ecosystem 
shifts to undesirable states is additionally hampered by (1) knowledge limitations concerning processes that 
oppose ecosystem shifts to undesirable  states6 and (2) uncertainty regarding how climate change and anthropo-
genic stressors interact to impact  ecosystems4, including resilience-conferring processes.

Eutrophication is a pervasive and severe stressor in coastal zones globally, given its ability to induce large-
scale ecosystem shifts to degraded  states11–13. Specifically, excessive nutrient inputs into water bodies trigger 
proliferation of opportunistic algae and phytoplankton blooms, which in turn can initiate toxic algal growth, 
hypoxia/anoxia, aquatic macrophyte losses, food-web alterations, and consumer mass-mortality11–13. Local-scale 
management of biological processes that can assist in resisting and/or reversing switches to algal-dominated 
states has been identified as a counter-measure to coastal  eutrophication13,14. Restoration of filter-feeder and veg-
etated biotopes for example, have been proposed to limit the development of eutrophication symptoms through 
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phytoplankton consumption and nutrient  uptake13,14. However, such management strategies are complicated by 
the fact that eutrophication, like other anthropogenic stressors, does not operate independently of global change 
 processes3. The implication, therefore, is that local-scale management of eutrophication through interventions 
involving biological processes requires knowledge of their resilience to future global change scenarios.

Endobenthic organisms have rarely featured in eutrophication mitigation strategies for coastal ecosystems. 
In contrast, vegetated ecosystems and filter-feeder assemblages have been more prominent as natural counter 
measures for  eutrophication13,14. Recent research, however, has shown that some endobenthic deposit-feeding 
crustaceans (sandprawns), despite their functional designation, are capable of exerting top-down control on 
 phytoplankton15. Specifically, sandprawn presence was shown to reduce phytoplankton biomass by almost 50% in 
experimental mesocosms, with similar effects recorded in situ. Bi-directional water pumping during ventilation/
irrigation was hypothesized to increase phytoplankton entrapment onto burrow walls, thereby reducing phyto-
plankton biomass in the water  column15. This led to the suggestion that below-ground burrow superstructures of 
sandprawns, and similar endobenthic organisms, may function as biological filtration systems that can increase 
resilience against coastal  eutrophication15. However, the robustness of sandprawn water filtration to future global 
change conditions is unknown, even though addressing this issue is of both scientific and management relevance.

Extremes of coastal eutrophication and warming are two global change scenarios that have the potential 
to weaken the water filtration function provided by sandprawns and similar endobenthic organisms, based on 
research conducted on other consumers. For ectothermic consumers, increasing water temperature up to thermal 
optima can increase metabolic demand, resource consumption and top-down impact on trophic  resources16–18. 
Beyond thermal optima though, rising temperature may impair consumer physiology, increase mortality and 
alter  distribution19,20. Similarly, at high levels of eutrophication, oxygen depletion, pathogenic microbes, harmful 
algae and released toxins may increase the incidence of disease or mortality in consumers, negating their contri-
bution to ecosystem  resilience11,12,20,21. Thus, impaired physiology and health, in addition to greater mortality at 
high temperature and eutrophication levels, may have the effect of weakening total resource consumption and 
hence top-down impact. Shifts to phytoplankton taxa that are less edible in response to nutrient enrichment and 
high temperature can also potentially weaken top-down  impacts21,22. To complicate matters, coastal warming 
and eutrophication can directly impact phytoplankton through metabolic  changes16,23,24. Based on metabolic 
theory, increasing temperature is expected to reduce phytoplankton biomass due to rising temperature increasing 
demand for rate-limiting resources. However, if resources do not increase in quantity, they become insufficient 
to support phytoplankton metabolic  requirements24. However, if concentrations of limiting nutrients were to 
increase in parallel (as with eutrophication), then warming may elicit increases in phytoplankton biomass, 
due to metabolic demands of phytoplankton being met, though this may result in phytoplankton shifts to taxa 
that are less  palatable23. In this scenario, phytoplankton biomass may rise to levels that cannot be controlled by 
sandprawns, given that they are not specialist filter-feeders25, which are likely to be more efficient and selective 
in phytoplankton removal.

The effects of coastal warming, eutrophication and top-down processes on phytoplankton can thus be com-
plex, necessitating a thorough understanding of these effects to predict and manage future changes in coastal 
ecosystems. We therefore addressed this issue in the context of South African temporarily closed estuaries, which 
account for 71% of estuaries in the  country26,27. Likely due to the semi-arid climate, these systems periodically 
close-off from  oceans26,27, although this may be exacerbated by drought and increasing water abstraction for 
human needs. Temporarily closed estuaries also occur in Australia, south-eastern Brazil and Uruguay, south-
western India, Sri  Lanka27, Portugal, as well as along the coastlines of California and Texas in the United States 
of  America21. Consistent with global  trends11,12, eutrophication is a key process impacting South African estu-
aries, but the consequences of inorganic nutrient inputs (such as from fertilisers) are compounded by organic 
matter inputs from wastewater treatment works that lack operational skills and resources for maintenance and 
 upgrades13. Wastewater treatment facilities are typically overloaded and malfunctioning, resulting in spillage 
of poorly treated wastewater into  estuaries13. Additionally, the shallow depths (< 1.5 m) of intermittently closed 
 estuaries28 may increase the risk to rising air temperatures relative to deeper permanently open systems, as has 
been postulated for shallow  lakes29 and refs therein. For South Africa, air temperature rose by 0.03° C/year over the 
period 1980–201430, and global temperature is predicted to rise by 4 °C on average by  210031.

Sandprawns (Kraussillichirus kraussi; Crustacea: Axiidea) are abundant in benthic ecosystems in estuaries 
locally, including those that have been closed to the ocean for several  years32. Sandprawns have a wide distribution 
across the Southern African coastline from Namibia (cool-temperate west coast) to Mozambique (sub-tropical 
east  coast32) and belong to a globally distributed group of crustaceans (formerly Thalassinidea) that are renowned 
as highly proficient endobenthic ecosystem  engineers25,33. These organisms occur in dense aggregations that cover 
large areas (several km), burrow to depths greater than 1 m and manipulate sediment at high  rates25,33 (12.14 kg/
m2/day or 4.4 ton/m2/year for K. kraussi34). While much is known about endobenthic crustaceans as sedimentary 
ecosystem engineers, little is understood about their role as top-down regulators of phytoplankton assemblages 
or their potential to increase resilience against eutrophication. In the current study, we used a factorial mesocosm 
experiment to test the effects of sandprawn density, eutrophication and warming on phytoplankton assemblages. 
We firstly tested whether sandprawn water-filtration was impaired under eutrophic and warming conditions 
to assess filtration robustness to expected nutrient loading and thermal changes in future. We were especially 
interested in determining whether sandprawn filtration could counter phytoplankton blooms associated with 
high levels of eutrophication to understand the resilience conferring potential of sandprawns to upper limits 
of this stressor. We also assessed whether eutrophication and warming acted antagonistically, additively, or 
synergistically to impact phytoplankton. Lastly, we measured phytoplankton responses in terms of biomass (or 
abundance) and size, to understand how top-down sandprawn effects, eutrophication and warming interacted 
to alter both phytoplankton quantity and traits.
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Materials and methods
Study site
The large temporarily closed Zandvlei Estuary (34°05 ’S; 18°28 ’E) was the focal system of study, from which 
materials for the experiment were collected. The system is also an ideal model coastal ecosystem to understand 
multiple stressor effects on ecological processes, given that it is highly modified anthropogenically, yet remains 
a functionally important urban estuary. The system is located in False Bay, in the City of Cape Town, South 
Africa (Fig. 1), is roughly 2.5 km in length and has a mean depth of 1.4  m35,36. The system has been canalized in 
the lower reaches and a weir constructed for mouth management. A marina has been constructed on its eastern 
shores and periodic dredging of the main channel occurs in the lower  reaches36. The water level in the estuary 
is mechanically  regulated35 and the mouth is opened once per month (spring high tide) during summer (low 
rainfall) but is kept open during winter (high rainfall)15,36. Riverine inputs that include discharge from urbanized 
and industrialized areas have resulted in the system being classified as  eutrophic35, but this is likely exacerbated 
by sewage spills associated with ailing infrastructure. Harmful algal blooms have been recorded, including that 
of toxic golden algae Prymnesium parvum, which has been linked to fish mortality in the  system36. The lower 
reaches of the estuary are occupied by dense populations (114/m2–240/m2) of the sandprawn Kraussillichirus 
kraussi15 (Supplementary Fig. S1).

Experimental design
A 16-day (14–29 November 2020) indoor mesocosm experiment was conducted at the aquarium facilities at 
the University of Cape Town (UCT), Department of Biological Sciences, to quantify the effects of eutrophica-
tion, warming and sandprawn densities on phytoplankton biomass and traits. Air temperature was set to 15 °C 
and lighting on a 14-h day/10-h night cycle. Glass (8 mm thick) mesocosms (height: 600 mm, length: 300 mm, 
width: 300 mm) were used to create 36 independent experimental units for the study. The experiment involved 
manipulating (1) sandprawn density (three levels, 0% natural density = no sandprawns; 50% natural density = 9 
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Figure 1.  Map of the Zandvlei Estuary showing its location within South Africa (inset). The dashed arrow 
indicates the extent of the sandprawn habitat in the lower reaches. Sandprawns, sediment and mesotrophic 
water were collected from Site 1 and eutrophic water was collected from Site 2. Modified from Venter et al. 
(2020)15.
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sandprawns per mesocosm; 100% natural density = 18 sandprawns per mesocosm), (2) eutrophication (two levels, 
mesotrophic (chl-a concentration ~ 10 µg/L37,38) versus eutrophic (chl-a concentration ~ 20 µg/L37,38) waters) and 
(3) temperature (two levels, low ~ 14 °C and high ~ 29 °C), with n = 3. Sandprawn numbers used per mesocosm 
was determined by scaling down maximum sandprawn numbers reported for South African estuaries and lagoons 
(~ 200 individuals/m2)34 to the area of each mesocosm.

Naturally occurring waters were used in the experiment to test ecological responses to mesotrophic and 
eutrophic conditions. The advantage of this approach is that it allowed us to include potential effects of environ-
mental pathogens/toxins in assessing the robustness of sandprawn filtration effects, particularly under eutrophic 
conditions. Eutrophic water (chl-a > 15 µg/L; based on classification for semi-arid  climates37,38), salinity = 10, 
temperature = 19 °C) was collected from the upper reaches of the estuary (Site 2, Fig. 1). Mesotrophic water (chl-
a < 15 µg/L, salinity = 29, temperature = 18 °C) was collected from the lower reaches of the system (Site 1, Fig. 1), 
along with sediment and sandprawns. Eutrophic and mesotrophic waters were filtered separately (200 µm mesh) 
into 100 L vats and homogenized. Salinity of the water for each trophic treatment was standardized to 29 using 
marine salt (Aquamedic). Estuarine sediment was sieved (2 mm mesh) before being added to each mesocosm 
(depth = 25 cm). This was followed by the addition of either eutrophic or mesotrophic water (depth = 25 cm) to 
each mesocosm. Water within each mesocosms was aerated and allowed to settle for 24 h before recording initial 
(Day 0) water quality data. Sandprawns were thereafter introduced according to density designations. Non-gravid 
sandprawns (> 40 mm; rostrum to telson) were collected using stainless steel prawn pumps (length = 900 mm, 
diameter = 50 mm), placed in loose, moistened layers of newspaper, transported to the aquarium facility and left 
to acclimatise for 2–3 h prior to being added to mesocosms.

High water temperature treatments were established using aquarium heaters (set at 30 °C). This temperature 
was based on maximum temperatures recorded in the Zandvlei Estuary at sites close to the sandprawn biotope 
(25.5–26 °C)35 plus a predicted 4 °C rise in global temperature by the year  210031. This temperature level allowed 
us to assess the robustness of sandprawn water-filtration to predicted high temperatures at the end of the century, 
as well as its potential interaction with eutrophication. Sandprawns allocated to high-temperature treatments 
were first placed in water-filled bowls in mesocosm water to allow gradual acclimatization to mesocosm tem-
perature. For the duration of the experiment, the number of burrow openings in each mesocosm was monitored. 
Where number of burrow openings decreased, sandprawns were added to maintain density  designations15.

Data collection
Water column temperature, salinity, pH, turbidity and dissolved oxygen were measured per mesocosm with a 
multiprobe (YSI 650 MPI) on Day 0 and every three days thereafter until the experiment terminated. Nutri-
ent concentrations (ammonium  (NH4

+), nitrite  (NO2
-), nitrate  (NO3

-), phosphate  (PO4
3-)) were measured per 

mesocosm on Day 0 and every week thereafter from 40 mL surface water that was collected using a syringe fitted 
with a flexible tube (diameter = 5 mm). Water samples were stored at -20 °C until analysis using a multiparameter 
photometer (Hanna Instruments HI 83,203).

Phytoplankton biomass (as chl-a concentration) was measured on Day 0 and every three days thereafter 
until the experiment terminated. Two 2 mL water samples were collected from each mesocosm (depth = 5 cm) 
and pooled, from which chl-a concentration was determined fluorometrically (Turner Designs Trilogy). Rela-
tive phytoplankton cell sizes and absolute abundance thereof were determined using flow cytometry (Faculty 
of Health Sciences, University of Cape Town). The BD LSR II flow cytometer used in this study was fitted with 
an air-cooled argon-ion laser (488 mm, 20 mW). Forward-scatter (FSC) was detected by a photodiode detector 
with a 488/10 bandpass filter and provided information on relative cell size. Side scatter (SSC) was detected by 
a photomultiplier tube (PMT) with a 488/10 bandpass filter and provided data on cell granularity. Fluorescent 
beads (AccuCount Fluorescent Particles, Spherotech, Lake Forest, IL, USA) with a standard concentration were 
run to determine absolute cell counts by comparing cellular events to bead  events39,40. Additionally, 0.88 μm sized 
fluorescent beads were used as a standard reference to determine the relative cell sizes present in the sample. 
Phytoplankton is naturally auto-fluorescent due to photosynthetic pigments and can be identified by its unique 
fluorescence emission  spectra40. Picoplankton and nanoplankton were measured by their emission signals on 
the orange phycoerythrin (PE): 585/42 bandpass vs. red (PC: 661/16 band pass) fluorescence signals.

At the start of the experiment (Day 0) and every three days thereafter, three water samples (depth = 5 cm) 
were randomly collected from each mesocosm using a syringe and pooled (to account for within-mesocosm 
variability) into 2 mL cryovials for flow cytometry analysis. Samples were stored at 4 °C in darkness and analysed 
on the day of collection. Aliquots of 1 mL were drawn from the pooled sample, vortexed and analysed at a low 
flow rate with a threshold of ~ 100 000 events or ~ 10 min per sample using the BD LSRII. Flow cytometry data 
were analysed by gating populations using FlowJo  Software41,42 (Version 10.7.2). Population counts of nanophy-
toplankton and picophytoplankton were converted into concentrations (cells/mL) on Microsoft Excel V16.5 
using a standard formula incorporating flow rate and run time of each sample. The proportion of nano- and 
picophytoplankton was calculated for Day 0 and compared with a mean of values from Day 6 until the experiment 
terminated on Day 15. At the end of the experiment, sandprawns were carefully extracted from the mesocosms 
and returned to the Zandvlei Estuary.

Data analysis
All data analyses were performed using the data analysis platform R (v4.1.2,  202143). Linear Mixed-Effects Mod-
els (LMEMs) were fitted by restricted maximum likelihood (REML) estimation using the ‘lme4’  package44 to 
determine the effects of sandprawn density, eutrophication, and temperature on biotic (chl-a, picoplankton and 
nanoplankton concentrations) and abiotic response variables (physico-chemical and inorganic nutrient data). 
For all LMEMs, time and mesocosm ID were included as random factors since samples were not temporally 
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 independent15. Model fits were graphically evaluated using histograms, quantile–quantile (Q–Q) plots and plots 
of residuals against predicted values to check for normality and homogeneity of  variance45. Where model assump-
tions were violated, models were re-fitted using transformed data. The ‘Anova’ function in the ‘car´ package was 
applied to models to determine the significance of main and interactive effects of predictors, given that signifi-
cance levels were not provided in model outputs for fixed  effects46.

Ethical approval
Experiments were conducted in accordance with guidelines of the University of Cape Town. Approval of the 
research was granted by the University of Cape Town, Science Faculty Animal Ethics Committee (approval 
number 2018/v10/DP).

Results
Variation in pelagic abiotic conditions among sandprawn densities was negligible; where statistically signifi-
cant effects were detected, variance was minimal (Table 1; Supplementary Table S1). Variability in salinity was 
explained by all main predictors and the sandprawn × eutrophication interaction. Salinity levels were reduced 
marginally in the presence of sandprawn in mesotrophic treatments, particularly towards the end of the experi-
ment (Table 1). At most though, for any given day of sampling, salinity varied between 36.6 ± 1.1 and 33.6 ± 1.6 SE 
across increasing sandprawn densities (Supplementary Table S1). Variance in pH was explained by temperature, 
with values increasing by 0.3 to 0.4 units with rising temperature (Table 1).

Water temperature ranged between 14 ± 0.1 SE and 16.5 °C ± 1.2 SE and 26.8 ± 0.4 SE and 29.7 °C ± 0.5 SE in 
low and high temperature treatments, respectively and corresponded with a priori designations of levels in the 
temperature treatment. Salinity in high temperature mesocosm increased over the course of the experiment by 5 
to 6, but this trend was not evident at low temperatures (Supplementary Table S1). A similar trend was recorded 

Table 1.  Results of type II Wald Chi-Square analyses testing the main and interactive effects of predictor 
variables (sandprawn density, eutrophication, temperature) on the abiotic environmental response 
variables. Statistically significant outcomes are displayed in bold. SP Sandprawn density, E Eutrophication, T 
Temperature. χ2 Test statistic, df Degrees of freedom, p value Significance level.

Predictor Abiotic variable χ2 df p value

SP

Dissolved oxygen 2.11 2 0.35

pH 0.78 2 0.68

Salinity 8.95 2 0.01

Temperature 0.593 2 0.743

Turbidity 1.16 2 0.56

E

Dissolved oxygen 0.10 1 0.75

pH 0.01 1 0.92

Salinity 11.43 1 p < 0.001

Temperature 1.38 1 0.24

Turbidity 1.98 1 0.16

T

Dissolved oxygen 145.60 1 p < 0.0001

pH 85.26 1 p < 0.0001

Salinity 145.85 1 p < 0.0001

Temperature 933.32 1 p < 0.0001

Turbidity 5.25 1 0.02

SP × E

Dissolved oxygen 0.44 2 0.80

pH 1.42 2 0.49

Salinity 6.05 2 0.049

Temperature 0.52 2 0.77

Turbidity 0.01 2 0.99

SP × T

Dissolved oxygen 0.85 2 0.65

pH 5.82 2 0.05

Salinity 3.16 2 0.20

Temperature 1.22 2 0.54

Turbidity 2.93 2 0.231

SP × E × T

Dissolved oxygen 4.88 2 0.09

pH 0.52 2 0.77

Salinity 1.94 2 0.38

Temperature 1.00 2 0.60

Turbidity 1.57 2 0.46
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for dissolved oxygen in high temperature treatments, with percentage saturation increasing to around 100% from 
starting conditions of approximately 95%, whereas oxygen levels in low temperature treatments seldom varied 
by more than 2% (Supplementary Table S1).

Pelagic inorganic nutrient levels were unaffected by sandprawn density treatments and eutrophication, but 
variance in  NH4

+,  NO2
- and  PO4

3- levels was explained by temperature (Table 2). Generally,  NH4
+ and  NO2

- levels 
were greater in the high temperature treatments, especially towards the end of the experiment (Supplementary 
Table S2). Lower  PO4

3- concentrations were recorded under high temperature, particularly in eutrophic condi-
tions (Supplementary Table S2).

Phytoplankton biomass was influenced by all main predictor variables, and except for the sandprawn den-
sity × temperature interaction, by all combinations of predictor interactions (Table 3). Phytoplankton biomass 
was consistently reduced in the presence of sandprawns from Day 3 until the termination of the experiment, 
irrespective of eutrophication or temperature treatment, relative to controls (Fig. 2). By the end of the experi-
ment, phytoplankton biomass was similar in the presence of sandprawns across all thermal and trophic state 
treatments (Fig. 2). The greatest decline in phytoplankton biomass in mesocosms with sandprawns relative to 
controls was recorded in under low temperature, eutrophic conditions (74% by termination; Fig. 2C). Smaller 
phytoplankton biomass declines in mesocosms containing sandprawns was recorded under low temperature, 
mesotrophic (43%; Fig. 2A) and high temperature, eutrophic conditions (59%; Fig. 2D) by the end of the experi-
ment, relative to controls. The smallest phytoplankton biomass declines in mesocosms containing sandprawns 
was recorded under high temperature, mesotrophic conditions (32%; Fig. 2B) relative to controls at the termina-
tion of the experiment. By the end of the experiment, phytoplankton biomass in control mesocosms at low tem-
peratures increased beyond starting levels on Day 0, increasing by approximately 32% in mesotrophic (Fig. 2A) 
and eutrophic (Fig. 2C) treatments. In contrast, at high temperatures, phytoplankton biomass in controls were 
similar to start levels, with no evidence of an increase over time (Fig. 2B,D).

Variance in nanophytoplankton abundance was influenced by sandprawn density and eutrophication (main 
effects), as well as the interaction between (1) sandprawns and eutrophication and (2) sandprawns and tempera-
ture (Table 3). In contrast, variance in picophytoplankton abundance was not explained by any of the predictors 
tested (Table 3). Overall, trends in picophytoplankton abundance in response to predictor variables were unclear, 
in contrast to those for nanophytoplankton (Figs. 3 and 4). In mesotrophic conditions, variance in nanophyto-
plankton abundance among sandprawn densities was minor. Under eutrophic conditions, nanophytoplankton 
abundance was almost 3 times greater in control mesocosms by the end of the experiment relative to mesotrophic 

Table 2.  Results of type II Wald Chi-Square analyses testing the main and interactive effects of predictor 
variables (sandprawn density, eutrophication, temperature) on inorganic nutrient concentrations. Statistically 
significant outcomes are displayed in bold. SP Sandprawn density, E Eutrophication, T Temperature. χ2 Test 
statistic, df Degrees of freedom, p value Significance level.

Predictor Inorganic nutrient χ2 df p value

SP

Phosphate  (PO4
3-) 0.10 2 0.95

Ammonium  (NH4
+) 0.92 2 0.63

Nitrate  (NO3
-) 4.11 2 0.13

Nitrite  (NO2
-) 3.24 2 0.20

E

Phosphate  (PO4
3-) 0.022 1 0.88

Ammonium  (NH4
+) 0.04 1 0.84

Nitrate  (NO3
-) 0.23 1 0.63

Nitrite  (NO2
-) 0.85 1 0.36

T

Phosphate (PO4
3-) 9.57 1 0.002

Ammonium (NH4
+) 8.96 1 0.003

Nitrate  (NO3
-) 0.33 1 0.57

Nitrite (NO2
-) 61.9 1  < 0.0001

SP × E

Phosphate  (PO4
3-) 0.81 2 0.67

Ammonium  (NH4
+) 0.44 2 0.80

Nitrate  (NO3
-) 0.25 2 0.88

Nitrite  (NO2
-) 2.00 2 0.37

SP × T

Phosphate  (PO4
3-) 0.70 2 0.68

Ammonium  (NH4
+) 0.66 2 0.72

Nitrate  (NO3
-) 3.07 2 0.22

Nitrite  (NO2
-) 6.32 2 0.04

SP × E × T

Phosphate  (PO4
3-) 0.85 2 0.65

Ammonium  (NH4
+) 1.07 2 0.59

Nitrate  (NO3
-) 0.05 2 0.97

Nitrite  (NO2
-) 2.30 2 0.32
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Table 3.  Results of type II Wald Chi-Square analyses testing the effects of the predictor variables (sandprawn 
density, eutrophication, temperature) on phytoplankton response variables. Statistically significant outcomes 
are displayed in bold. SP Sandprawn density, E Eutrophication, T Temperature. χ2 Test statistic, df Degrees of 
freedom, p value Significance level.

Plankton variable χ2 df p value

SP

 Chl-a 197.18 2  < 0.0001

 Nanoplankton 55.97 2  < 0.0001

 Picoplankton 5.82 2 0.05

E

 Chl-a 74.52 1  < 0.0001

 Nanoplankton 81.40 1  < 0.0001

 Picoplankton 3.18 1 0.07

T

 Chl-a 31.32 1  < 0.0001

 Nanoplankton 2.33 1 0.13

 Picoplankton 1.16 1 0.28

SP × E

 Chl-a 8.06 2 0.02

 Nanoplankton 9.12 2 0.01

 Picoplankton 2.44 2 0.29

SP × T

 Chl-a 0.54 2 0.76

 Nanoplankton 7.85 2 0.02

 Picoplankton 3.31 2 0.19

SP × E × T

 Chl-a 12.41 2 0.002

 Nanoplankton 0.62 2 0.73

 Picoplankton 1.66 2 0.44
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Figure 2.  Spatio-temporal variability in chl-a biomass (mean ± SE) in (A) (low temperature, mesotrophic), 
(B) (high temperature, mesotrophic), (C) (low temperature, eutrophic) and (D) (high temperature, eutrophic) 
mesocosms at varying sandprawn densities (0%, 50% and 100%).
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Figure 3.  Spatio-temporal variability in picophytoplankton abundance (mean ± SE) in (A) (low temperature, 
mesotrophic), (B) (high temperature, mesotrophic), (C) (low temperature, eutrophic) and (D) (high 
temperature, eutrophic) mesocosms at varying sandprawn densities (0%, 50% and 100%).
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Figure 4.  Spatio-temporal variability in nanophytoplankton abundance (mean ± SE) in (A) (low temperature, 
mesotrophic), (B) (high temperature, mesotrophic), (C) (low temperature, eutrophic) and (D) (high 
temperature, eutrophic) mesocosms at varying sandprawn densities (0%, 50% and 100%).
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mesocosms. Under eutrophic conditions, nanophytoplankton abundance was reduced in the presence of sand-
prawns by approximately 3 times relative to controls (Fig. 4).

Over the course of the experiment, eutrophication and sandprawn abundance elicited shifts in the composi-
tion of phytoplankton assemblages (Fig. 5). At the start of the experiment, contributions of picophytoplankton 
and nanophytoplankton to total phytoplankton abundance were similar, and negligibly changed in mesotrophic 
mesocosms over the course of the experiment, irrespective of temperature (Fig. 5). However, under eutrophic 
conditions, nanoplankton was more dominant at the start of the experiment (Day 0; 65–79%); this trend per-
sisted to the end of the experiment in control mesocosm (Days 6–15; 65–73% nanophytoplankton). However, 
sandprawn presence reduced the dominance of nanophytoplankton under eutrophic conditions (54–65%) by the 
end of the experiment, resulting in more even contributions of pico- and nanophytoplankton (Fig. 5).

Discussion
Interactions among top-down process, eutrophication/nutrient enrichment and warming have not received 
much attention in estuaries. However, in freshwater and open ocean ecosystems, research has emphasised the 
importance of understanding interactions among consumers, nutrients and warming for predicting ecological 
shifts via changes to phytoplankton  assemblages23–25,27–29,47,48. Results from our mesocosm experiment highlight 
the potential for water-filtration by endobenthic sandprawns to prevent switches to eutrophic conditions by limit-
ing phytoplankton blooms (including under high temperatures) and nanophytoplankton dominance. Therefore, 
appropriate management of sandprawn populations and habitats may assist in increasing resilience against algal 
blooms associated with coastal eutrophication in future.

By the end of our experiment, phytoplankton biomass declines in mesocosms containing sandprawns were 
consistent irrespective of temperature or eutrophication treatments. This suggests that levels of these global 
change predictors used were insufficient to impair sandprawn water filtration. Eutrophication has been suggested 
to increase the abundance of diseased organisms in marine  ecosystems22. For example, an outbreak of a fecal-
enteric microbe in the Florida Keys was linked to nutrient  enrichment49, while aspergillosis (fungal infection) 
has been associated with declining water  quality50. Aspergillotic lesions were shown to grow faster under higher 
nitrate  levels51, which were also separately linked with the occurrence of black band disease in  corals52. In our 
experiment, analysis of water column microbial assemblages using metagenomics indicated that relative to the 
mesotrophic treatments, eutrophic waters had twice the abundance of bacteria, with double the abundance of 
Enterobacterales, which includes taxa that are known to be  pathogenic53 (Supplementary Table S3). Additionally, 
the near-doubling of phytoplankton biomass in eutrophic waters at the start of our experiment relative to meso-
trophic mesocosms, and the subsequent shift towards very eutrophic states (approaching chl-a levels of 30ug/L) 
by the end of our experiment could have overwhelmed water filtration by sandprawns, given that these organisms 
are not obligate filter-feeders25. The resilience of sandprawn water filtration under eutrophic conditions therefore 
suggests minimal detrimental effects of potential toxins, pathogens, and high phytoplankton loads. Similarly, the 
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high temperature treatment, which was roughly 4 degrees greater than maximum temperatures recorded near 
the sandprawn biotope in the Zandvlei Estuary, did not impair water filtration by sandprawns in our experiment. 
Visually, warming appeared to increase water filtration rate by sandprawns; under normal temperatures the rate 
of phytoplankton biomass decline in the mesocosms containing sandprawns saturated (point at which no further 
reductions were evident) by Day 6. In the warming treatment however, saturation was detected by Day 3. This 
may relate to the fact that sandprawns are  ectothermic54, with warming increasing metabolic rate, thus causing 
an elevation in trophic resource (phytoplankton) demand. Similar effects have been reported for urchins, with 
top-down impact on macroalgae increasing at higher temperatures, in parallel with increases in urchin metabolic 
 rate17. The robustness of sandprawn water filtration to high temperatures in our study is perhaps reflective of their 
wide geographical distribution along the South African coastline, wherein it occurs in both cool temperate and 
in sub-tropical  regions32. In Durban Bay (sub-tropical east coast) mean summer water temperatures of 28.4 °C 
have been recorded in sandprawn  habitats55, while in the Zandvlei Estuary, summer temperatures between 25.5 
and 26 °C have been recorded near the sandprawn habitat in the lower  reaches35 (Fig. 1). The robustness of 
sandprawn water filtration to temperatures as high as 29.5 °C in our experiment provides promising evidence 
of the resilience of sandprawns and filtration to future warming scenarios, at least in the context of populations 
within cool-temperate distribution ranges and temperature changes predicted up until  210031.

Trait-shifts in phytoplankton have been associated with eutrophication, with larger size classes reported to 
 dominate56 due to their competitive advantage in nutrient acquisition and  conversion57. In our experiment, 
eutrophication did induce a phytoplankton shift to nanoplankton dominance, but this was opposed by sandprawn 
presence, resulting in even contributions of pico- and nanophytoplankton in mesocosms containing sandprawns 
under eutrophic conditions. Selective particle ingestion based on size and other traits has been reported for 
suspension  feeders58,59. However, the effects we report regarding sandprawn-induced size-based shifts in phyto-
plankton under eutrophic conditions are not known for any deposit- or filter feeding endobenthic  crustacean25, 
as far as we are aware. Importantly, shifts in phytoplankton size induced either through eutrophication or sand-
prawns may have important secondary implications for pelagic food web dynamics and trophic structure, given 
that phytoplankton size is an influential determinant of food web size and grazer  traits56 and refs therein.

The decline in phytoplankton biomass in mesocosms containing sandprawns in our experiment is likely a 
consequence of consumption. Research using stable isotope analysis concluded that particulate organic matter 
(POM) was the major dietary resource of sandprawns in the Gamtoos Estuary (Eastern Cape, South  Africa60). 
However, given that sandprawns are not filter  feeders25, phytoplankton consumption is likely achieved through 
cell adsorption on burrow walls, followed by sorting and ingestion. This idea is supported by Venter et al.15, who 
showed that sandprawn-induced phytoplankton declines occurred in parallel with enrichment of chl-a in burrow 
walls relative to sediment  surfaces15. The estimate that a 1 m length of burrow of a filter-feeding endobenthic 
crustacean (Upogebia pugettensis) could indirectly filter 70% of total phytoplankton relative to direct filtration 
illustrates the phytoplankton filtration potential of endobenthic  burrows61. This estimate takes on additional 
significance for deposit-feeding endobenthic crustaceans given the great depths to which they burrow (max 
3.5–4  m62,63). While the major changes to phytoplankton biomass by sandprawns in our experiment can be 
ascribed to consumption, some effects may be due to abiotic changes induced by sandprawns, given that sand-
prawn density was linked statistically to changes in salinity, and pH (individually and/or interactively). However, 
we suggest that since abiotic change induced by sandprawns were small, they were unlikely to primarily have 
driven the phytoplankton responses recorded.

Phytoplankton biomass responses to eutrophication and warming in our experiment revealed interesting 
trends that may shed light on responses of coastal ecosystems to joint-warming and eutrophication in future. 
Eutrophic waters had double the chl-a biomass compared to non-eutrophic waters; this is expected given multiple 
studies linking high nutrient loading with phytoplankton  proliferation11,13,14. However, over time, in the absence 
of sandprawns, eutrophic mesocosms at low temperature became more eutrophic (approaching chl-a levels of 
30 ug/L), whereas warming suppressed phytoplankton biomass in the absence of sandprawns in non-eutrophic 
treatments, resulting in chl-a levels declining relative to start conditions. In the eutrophic treatments that lacked 
sandprawns, warming resulted in chl-a levels increasing, but not to levels recorded at low temperatures. These 
results suggest therefore that warming acted antagonistically to suppress eutrophication-induced phytoplankton 
proliferation. The suppressive role of warming that we detected corresponds to findings reported for open ocean 
ecosystems. While phytoplankton biomass has increased in some regions of the world’s oceans, at large scales, 
most observational and modelling evidence indicates that phytoplankton biomass and productivity have declined 
on  average64. Ocean warming has been implicated as a driver, either through effects on stratification limiting 
nutrient supply and/or through modifying plankton  metabolism64. It is important to note though that studies 
have suggested that harmful algal biomass may increase with warming in some marine and estuarine  systems65.

Overall, our experiment has highlighted the resilience-conferring potential of sandprawns against eutrophica-
tion, including under warming conditions. However, care should be taken to avoid liberal extrapolation of our 
findings given that our approach was based on an ex situ experiment and that such experiments are typically 
conducted within a subset of natural  conditions66. Further experimental, field and modelling studies are thus 
required to better understand water filtration by endobenthic crustaceans under an expanded set of environmen-
tal conditions. Our mesocosm approach allowed us to control confounding processes that are often prominent 
in heterogeneous and variable ecosystems such as  estuaries67,68, enabling us to better understand cause-effect 
relationships among the complex set of predictor and response variables in our study. Given the (1) heterogene-
ous nature of estuaries and the potential for co-varying processes to mask cause-effect relationships, and (2) the 
impracticality in manipulating eutrophication and temperature levels in situ at meaningful scales to test pelagic 
responses, the use of ex situ experimentation in our study was appropriate in shedding light on a phenomenon 
(water filtration by sandprawns in a global change context) that we know little about. Broadly, small-scale ex 
situ experiments can be instrumental in improving understanding of larger-scale processes, including ecosystem 
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responses to global  change69. Mesocosm experimentation can also be useful in advancing understanding of eco-
logical and global change processes occurring in microtidal, intermittently closed estuaries, given their shallow 
depths and limited flow, especially under closed  conditions27,28.

At a global level, identifying processes that enhance ecosystem resilience against global change is a challenge 
for research, yet this is central to protecting ecosystem functions and services, including those on which humanity 
 depends47. This idea underpins resilience-based ecosystem management, which entails understanding, manag-
ing, and conserving features of biological diversity that confer resilience to  ecosystems7,9,70. In this context, our 
finding that sandprawns increase resilience against eutrophication, including under high temperatures, provide 
novel and promising evidence to support their inclusion in resilience-based ecosystem management. Our find-
ings, along with the general robustness of endobenthic crustaceans to conditions such as hypoxia, hypercapnia 
and high sulphide  levels25, suggests that their physiological and functional traits may be valuable in arresting 
future coastal degradation via eutrophication in future warming scenarios.

Central to the inclusion of sandprawns and similar organisms in resilience-based management practices is the 
need for identifying and managing processes that eradicate or weaken water-filtration functions, including coastal 
hardening (e.g. canalization), habitat destruction as part of coastal development, pollution and bait  collecting15. 
Understanding how the multitude of coastal stressors impact water filtration by endobenthic crustaceans can 
provide critical support for ecosystem remediation, given the relevance of water quality to human  health71. Inte-
grating water filtration and endobenthic crustaceans can also raise public awareness of the functional importance 
of these organisms, so that their societal relevance can ascend beyond their current utility as bait  organisms25. 
Even processes such as trampling of sandprawn habitats during recreational activity and/or bait collecting need 
to be understood insofar as impacts on water filtration are concerned, given the potential for these activities 
to impact burrow-builder populations, burrow superstructures and benthic  environments25,32. The near 70% 
decline in sandprawn standing stocks in the Diep River Estuary (30 km north of the Zandvlei Estuary) between 
1998 (40 million) and 2014 (12.3 million), as well as their range contraction that results in 93% of the population 
being exposed to bait collecting, raise concerns about the rapidity of sandprawn population declines in urban 
systems through multi-stressor  interactions72. This  research72 along with our experimental findings, flag a need 
to manage urban sandprawn populations to maximize their water filtration potential. Globally, managing the 
water-filtration capabilities of endobenthic crustacean populations may similarly assist in increasing resilience 
against coastal eutrophication in future. However, interventions aimed at managing nutrient inputs into estuarine 
systems should remain a priority.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 1 August 2023; Accepted: 28 October 2023

References
 1. Lotze, H. K. et al. Depletion, degradation, and recovery potential of estuaries and coastal seas. Science. 312, 1806–1809 (2006).
 2. Zhou, Y., Wang, L., Zhou, Y. & Mao, X.-Z. Eutrophication control strategies for highly anthropogenic influenced coastal waters. 

Sci. Total Environ. 705, 135760 (2020).
 3. Defeo, O. & Elliott, M. The, “triple whammy” of coasts under threat - Why we should be worried!. Mar. Pollut. Bull. 163, 111832 

(2021).
 4. He, Q. & Silliman, B. R. Climate change, human impacts, and coastal ecosystems in the anthropocene. Curr. Biol. 29, R1021–R1035 

(2019).
 5. Schlacher, T. A. et al. Sandy beach ecosystems: key features, sampling issues, management challenges and climate change impacts. 

Mar. Ecol. 29, 70–90 (2008).
 6. Thrush, S. F. et al. Forecasting the limits of resilience: integrating empirical research with theory. Proc. R. Soc. B: Biol. Sci. 276, 

3209–3217 (2009).
 7. Sasaki, T., Furukawa, T., Iwasaki, Y., Seto, M. & Mori, A. S. Perspectives for ecosystem management based on ecosystem resilience 

and ecological thresholds against multiple and stochastic disturbances. Ecol. Indic. 57, 395–408 (2015).
 8. Briske, D. D., Fuhlendorf, S. D. & Smeins, F. E. A unified framework for assessment and application of ecological thresholds. Rangel. 

Ecol. Manag. 59, 225–236 (2006).
 9. Suding, K. N. & Hobbs, R. J. Threshold models in restoration and conservation: a developing framework. Trends Ecol. Evol. 24, 

271–279 (2009).
 10. Duarte, C. M. et al. Paradigms in the recovery of estuarine and coastal ecosystems. Estuaries. Coast. 38, 1202–1212 (2015).
 11. Smith, V. H. & Schindler, D. W. Eutrophication science: Where do we go from here?. Trends Ecol. Evol. 24, 201–207 (2009).
 12. Cloern, J. E. Our evolving conceptual model of the coastal eutrophication problem. Mar. Ecol. Prog. Ser. 210, 223–253 (2001).
 13. Adams, J. B., Taljaard, S., van Niekerk, L. & Lemley, D. A. Nutrient enrichment as a threat to the ecological resilience and health 

of South African microtidal estuaries. Afr. J. Aquat. Sci. 45, 23–40 (2020).
 14. Kemp, W. M. et al. Eutrophication of Chesapeake Bay: Historical trends and ecological interactions. Mar. Ecol. Prog. Ser. 303, 1–29 

(2005).
 15. Venter, O., Pillay, D. & Prayag, K. Water filtration by burrowing sandprawns provides novel insights on endobenthic engineering 

and solutions for eutrophication. Sci. Rep. 10, 1913 (2020).
 16. Doney, S. C. et al. Climate change impacts on marine ecosystems. Annu. Rev. Mar. Sci. 4, 11–37 (2012).
 17. Carr, L. A. & Bruno, J. F. Warming increases the top-down effects and metabolism of a subtidal herbivore. PeerJ. 1, 109 (2013).
 18. O’Connor, M. I., Piehler, M. F., Leech, D. M., Anton, A. & Bruno, J. F. Warming and resource availability shift food web structure 

and metabolism. PLoS Biol. 7, e1000178 (2009).
 19. Seuront, L., Nicastro, K. R., Zardi, G. I. & Goberville, E. Decreased thermal tolerance under recurrent heat stress conditions explains 

summer mass mortality of the blue mussel Mytilus edulis. Sci. Rep. 9, 17498 (2019).
 20. Wang, L. et al. Warming affects crustacean grazing pressure on phytoplankton by altering the vertical distribution in a stratified 

lake. Sci. Total Environ. 734, 139195 (2020).



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:19067  | https://doi.org/10.1038/s41598-023-46168-y

www.nature.com/scientificreports/

 21. Lemley, D. A. et al. Effective management of closed hypereutrophic estuaries requires catchment-scale interventions. Front. Mar. 
Sci. 8, 688933 (2021).

 22. Harvell, D. et al. The rising tide of ocean diseases: Unsolved problems and research priorities. Front. Ecol. Environ. 2, 375–382 
(2004).

 23. Kraemer, B. M., Mehner, T. & Adrian, R. Reconciling the opposing effects of warming on phytoplankton biomass in 188 large 
lakes. Sci. Rep. 7, 10762 (2017).

 24. Allen, A. P., Gillooly, J. F. & Brown, J. H. Linking the global carbon cycle to individual metabolism. Funct. Ecol. 19, 202–213 (2005).
 25. Pillay, D. & Branch, G. M. Bioengineering effects of burrowing thalassinidean shrimps on marine soft-bottom ecosystems. Oceanogr. 

Mar. Biol. Ann. Rev. 49, 137–192 (2011).
 26. van Niekerk, L. et al. An estuary ecosystem classification that encompasses biogeography and a high diversity of types in support 

of protection and management. Afr. J. Aquat. Sci. 45(1–2), 199–216 (2020).
 27. Perissinotto, R. et al. Ecosystem functioning of temporarily open/closed estuaries in South Africa. In: Estuaries: Types, Movement 

Patterns. 1–69 (2010).
 28. Froneman, P. W. Zooplankton community structure and biomass in a southern African temporarily open/closed estuary. Estuar. 

Coast. Shelf Sci. 60, 125–1328 (2004).
 29. Özen, A. et al. Long-term effects of warming and nutrients on microbes and other plankton in mesocosms. Freshw. Biol. 58, 483–493 

(2013).
 30. Jury, M. R. Climate trends across South Africa since 1980. Water S. A. 44, 297–307 (2018).
 31. IPCC, 2007: Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the Fourth Assessment Report 

of the Intergovernmental Panel on Climate Change (eds. Core Writing Team, Pachauri, R.K and Reisinger, A.) 104 (IPCC, Geneva, 
Switzerland, 2007).

 32. Branch, G., Branch, M., Griffiths, C. & Beckley, L. Two oceans: a guide to the marine life of southern Africa (Penguin Random House, 
South Africa, 2016).

 33. Cadée, G. C. Sediment dynamics by bioturbating organisms. In Ecological comparisons of sedimentary shores ecological studies (ed. 
Reise, K.) 127–148 (Springer, 2001).

 34. Branch, G. M. & Pringle, A. The impact of the sand prawn Callianassa kraussi Stebbing on sediment turnover and on bacteria, 
meiofauna, and benthic microflora. J. Exp. Mar. Biol. Ecol. 107, 219–235 (1987).

 35. Harding, W. R. Water quality trends and the influence of salinity in a highly regulated estuary near Cape Town, South Africa. S. 
Afr. J. Sci. 4, 240–246 (1994).

 36. Lemley, D. A., Adams, J. B., Rishworth, G. M. & Bouland, C. Phytoplankton responses to adaptive management interventions in 
eutrophic urban estuaries. Sci. Total Environ. 693, 133601 (2019).

 37. Thornton, J. A. et al. The Ecology and Management of Zandvlei (Cape Province, South Africa), an Enriched Shallow African estu-
ary. In Eutrophic shallow estuaries and lagoons (ed. McComb, A. J.) 109–128 (CRC Press, Boca Raton, 1995).

 38. Thornton, J. A. & McMiIlan, P. Reconciling public opinion and water quality criteria in South Africa. Water S. A. 15, 221–226 
(1989).

 39. Gong, Y., Tang, X., Shao, K., Hu, Y. & Gao, G. Dynamics of bacterial abundance and the related environmental factors in large 
shallow eutrophic Lake Taihu. J. Freshw. Ecol. 32, 133–145 (2017).

 40. Manti, A., Papa, S., & Boi, P. What flow cytometry can tell us about marine micro-organisms – Current status and future applica-
tion. In Flow Cytometry – Recent Perspectives (Ed Schmid, I.) 1–28 (IntechOpen, 2012).

 41. Marie, D., Partensky, F., Jacquet, S. & Vaulot, D. Enumeration and cell cycle analysis of natural populations of marine picoplankton 
by flow cytometry using the nucleic acid stain SYBR Green I. Appl. Environ. Microbiol. 63, 186–193 (1997).

 42. van Dongen-Vogels, V., Seymour, J. R., Middleton, J. F., Mitchell, J. G. & Seuront, L. Influence of local physical events on picophy-
toplankton spatial and temporal dynamics in South Australian continental shelf waters. J. Plankton Res. 33, 1825–1841 (2011).

 43. R Core Team. R. A language and environment for statistical computing (R Foundation for Statistical Computing, Vienna, 2019).
 44. Bates, D., Mächler, M., Bolker, B. M. & Walver, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67, 1–48 (2015).
 45. Zuur, A. F., Leno, E. N., Walker, N. J., Saveliev, A. A. & Smith, G. M. Mixed effects models and extensions in ecology with R (Springer, 

2009).
 46. Duursma, R. & Powell, J. Mixed-effects models in R. In Data analysis and visualization with R (eds. Duursma, R., Powell, J. & 

Stone, G.) 3–31 (Hawkesbury Institute for the Environment, 2016).
 47. Urrutia-Cordero, P., Ekvall, M. K. & Hansson, L. A. Local food web management increases resilience and buffers against global 

change effects on freshwaters. Sci. Rep. 6, 29542 (2016).
 48. Suikkanen, S. et al. Climate change and eutrophication induced shifts in northern summer plankton communities. PLoS One. 8, 

e66475 (2013).
 49. Patterson, K. L. et al. The etiology of White pox, a lethal disease of the Caribbean Elkhorn coral. Acropora palmata. Proc. Natl. 

Acad. Sci. 99, 8725–8730 (2002).
 50. Kim, K. & Harvell, C.D. Aspergillosis of Sea Fan Corals: Disease Dynamics in the Florida Keys, USA. In Linkages between ecosystems 

in the South Florida hydroscapes. (eds. Porter J and Porter K) 813–824 (CRC Press, Boca Raton, 2002).
 51. Bruno, J. F., Petes, L. E., Harvell, C. D. & Hettinger, A. Nutrient enrichment can increase the severity of coral diseases. Ecol. Lett. 

6, 1056–1061 (2003).
 52. Kuta, K. G. & Richardson, L. L. Ecological aspects of black band disease of corals: Relationships between disease incidence and 

environmental factors. Coral Reefs. 21, 393–398 (2002).
 53. https:// www. nicd. ac. za/ disea ses-a- z- index/ enter obact eriac eae/
 54. Pillay, D. Ecosystem engineering by thalassinidean crustaceans: response variability, contextual dependencies and perspectives 

on future research. Diversity. 11, 64 (2019).
 55. Pillay, D., Branch, G. M. & Forbes, A. T. Habitat change in an estuarine embayment: Anthropogenic influences and a regime shift 

in biotic interactions. Mar. Ecol. Prog. Ser. 370, 19–31 (2008).
 56. Jiang, Z. et al. Phytoplankton biomass and size structure in Xiangshan Bay, China: Current state and historical comparison under 

accelerated eutrophication and warming. Mar. Pollut. Bull. 142, 119–128 (2019).
 57. Maranon, E. Cell size as a key determinant of phytoplankton metabolism and community structure. Annu. Rev. Mar. Sci. 7, 241–264 

(2015).
 58. Safi, K. A. & Hayden, B. Differential grazing on natural planktonic populations by the mussel Perna canaliculus. Aquat. Biol. 11, 

113–125 (2004).
 59. Ward, J. E. & Shumway, S. E. Separating the grain from the chaff: Particle selection in suspension- and deposit-feeding bivalves. J. 

Exp. Mar. Biol. Ecol. 300, 83–130 (2004).
 60. Schlacher, T. A. & Wooldridge, T. H. Origin and trophic importance of detritus - evidence from stable isotopes in the benthos of 

a small, temperate estuary. Oecologia. 106, 382–388 (1996).
 61. Griffen, B. D., DeWitt, T. H. & Langdon, C. Particle removal rates by the mud shrimp Upogebia pugettensis, its burrow, and a com-

mensal clam: effects on estuarine phytoplankton abundance. Mar. Ecol. Prog. Ser. 269, 223–236 (2004).
 62. Ziebis, W., Forster, S., Huettel, M. & Jørgensen, B. B. Complex burrows of the mud shrimp Callianassa truncata and their geochemi-

cal impact in the sea bed. Nature. 382, 619–622 (1996).

https://www.nicd.ac.za/diseases-a-z-index/enterobacteriaceae/


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19067  | https://doi.org/10.1038/s41598-023-46168-y

www.nature.com/scientificreports/

 63. Pemberton, G. S., Risk, M. J. & Buckley, D. E. Supershrimp: deep bioturbation in the Strait of Canso. Nova Scotia. Science. 192, 
790–791 (1976).

 64. Lewandowska, A. M. et al. Effects of sea surface warming on marine plankton. Ecol. Lett. 17, 614–623 (2014).
 65. Griffith, A. W. & Gobler, C. J. Harmful algal blooms: A climate change co-stressor in marine and freshwater ecosystems. Harmful. 

Algae. 91, 101590 (2020).
 66. Quinn, G. P. & Keough, M. J. Experimental design and data analysis for biologists (Cambridge University Press, 2002).
 67. Day, J. H. Estuarine ecology: with particular reference to southern Africa (Balkema, 1981).
 68. Branch, G. Living Shores (Penguin Random House, South Africa, 2018).
 69. Benton, T. G., Solan, M., Travis, J. M. J. & Sait, S. M. Microcosm experiments can inform global ecological problems. Trends Ecol. 

Evol. 22, 516–521 (2007).
 70. Briske, D. D., Bestelmeyer, B. T., Stringham, T. K. & Shaver, P. L. Recommendations for development of resilience-based state-and-

transition models. Rangel. Ecol. Manag. 61, 359–367 (2008).
 71. Stewart, J. R. et al. The coastal environment and human health: Microbial indicators, pathogens, sentinels and reservoirs. Environ. 

Health. 7, S3 (2008).
 72. Viskich, M., Griffiths, C. L., Erasmus, C. & Lamberth, S. Long-term physical, chemical and biological changes in a small, urban 

estuary. Afr. J. Mar. Sci. 38, 23–37 (2016).

Acknowledgements
The City of Cape Town is thanked for research support and granting permission to work in the Zandvlei Estuary. 
This work is based on the research supported in part by the National Research Foundation of South Africa (Grant 
Number: 111712) and the University of Cape Town. We are grateful to Cameron van den Burgh and Melissa Jo 
Rankin for assistance with laboratory and fieldwork.

Author contributions
D.P. designed the research program, of which this paper is a component.  D.P., H.G.M., E.R. and C.M.T. developed 
the study design.  D.P. and C.M.T. were responsible for the main body of text.  C.M.T. conducted the experiment 
and completed all sample analyses.  G.A.V.M., C.d.C. and A.O. assisted with sample collection and analysis. 
G.A.V.M. and A.O. assisted with monitoring of the experiment. A.O. assisted with fluorometric determination 
of chl-a C.d.C. and E.R. assisted with flow cytometry. C.M.T. performed the data analyses, with advice from D.P. 
and E.R.  All authors reviewed and commented on drafts of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 46168-y.

Correspondence and requests for materials should be addressed to D.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-46168-y
https://doi.org/10.1038/s41598-023-46168-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Water filtration by endobenthic sandprawns enhances resilience against eutrophication under experimental global change conditions
	Materials and methods
	Study site
	Experimental design
	Data collection
	Data analysis
	Ethical approval

	Results
	Discussion
	References
	Acknowledgements


