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Abstract 
Feeding a growing global population while protecting freshwater resources presents one of the great 
environmental challenges of this century. Integrated aquaculture-agriculture (IAA) systems have been 
promoted as a circular approach that uses nutrient-rich aquaculture effluent to fertilize crops, reducing both 
waste discharge and synthetic fertilizer dependence. However, the water quality implications of scaling 
these systems remain poorly characterized. This research assessed nutrient loading, spatial attenuation 
patterns, and receiving water quality at six IAA facilities in the Neckar River catchment of Baden-
Württemberg, Germany, over a 12-month monitoring period (2022). Total nitrogen concentrations at 
discharge points averaged 18.4 mg L⁻¹, exceeding German surface water thresholds by 7.4-fold, but 
declined exponentially with distance, reaching background levels within 800 m. Fish feed waste 
contributed 38.2% of total nutrient loading. Constructed wetland buffer zones reduced nitrogen and 
phosphorus by 68.4% and 74.1% respectively before discharge reached receiving waters. 

 
Keywords: Water quality, aquaculture-agriculture integration, nutrient loading, constructed wetlands, 
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Introduction  
The challenge is inherently paradoxical: aquaculture generates nutrient-rich wastewater that 
degrades receiving waters, while agriculture spends billions importing those same nutrients as 
synthetic fertilizers [1]. Integrated aquaculture-agriculture systems attempt to resolve this 
paradox by routing fish pond effluent to irrigate and fertilize adjacent crops [2]. When well 
designed, IAA systems can achieve near-zero nutrient discharge while producing both fish and 
crops from a shared water and nutrient pool [3]. 
But “well designed” is the operative qualifier. Poorly managed IAA systems risk becoming 
point sources of nutrient pollution, particularly when stocking densities are high, feed 
conversion ratios are poor, or buffer infrastructure is inadequate [4]. In Germany, where water 
quality regulations are stringent under the EU Water Framework Directive, IAA operators must 
demonstrate that their systems do not compromise the ecological status of receiving water 
bodies [5]. This research monitored water quality at six commercial IAA facilities in the Neckar 
catchment to quantify nutrient loading, identify dominant sources, and evaluate the effectiveness 
of constructed wetland buffers. 

 

Environmental Regulatory Context 
German surface water quality standards derive from the EU Water Framework Directive 
(2000/60/EC) and the German Surface Water Ordinance (OGewV 2016), which set threshold 
values for nutrient parameters including total nitrogen (2.5 mg L⁻¹), total phosphorus (0.1 mg 
L⁻¹), and biochemical oxygen demand (BOD₅ < 6 mg L⁻¹) for achieving “good ecological status” 
[6]. IAA facilities fall under both aquaculture discharge permits and agricultural nutrient 
management regulations, creating a complex compliance landscape. 

 

Materials and Methods 
Materials 
Six IAA facilities in the Neckar River catchment (48°20′-48°50′N, 8°50′-9°30′E) were selected  

https://www.agronomyjournals.com/
https://doi.org/10.33545/2618060X.2024.v7.i3c.4932


International Journal of Research in Agronomy  https://www.agronomyjournals.com  

~ 191 ~ 

representing a range of scales, fish species (trout, carp, tilapia), 
and buffer configurations. Three had constructed wetland 
treatment systems; three discharged directly to agricultural fields 
via irrigation channels. Monitoring ran from January to 
December 2022 with monthly sampling at each site. 
 
Methods: Water samples were collected at seven points per 
facility: pond inlet, pond outlet/discharge, and five points along 
the effluent flow path at 50, 100, 200, 400, and 800 m from 
discharge. Total nitrogen (TN) was measured by persulfate 
digestion, total phosphorus (TP) by ascorbic acid method, BOD₅ 
by 5-day incubation, dissolved oxygen by probe, and turbidity 
by nephelometry [7]. Nutrient mass balance was calculated for 
each facility using flow measurements and concentration data. 
Source apportionment used the mass balance approach of 

Hennessy et al. [8]. Constructed wetland removal efficiency was 
calculated as (inlet concentration - outlet concentration) / inlet 
concentration × 100. Statistical analysis used R (v.4.2) with 
linear mixed models. 

 

Wetland Design Assessment 
Constructed wetlands were classified by type: two were free 
water surface (FWS) systems planted with Phragmites australis, 
one was a subsurface horizontal flow (SSHF) system with gravel 
substrate and Typha latifolia. Wetland area-to-pond area ratios 
ranged from 0.15 to 0.28. Hydraulic retention time was 
estimated from tracer tests using sodium bromide [9]. 

 

Results 

 

Table 1: Water quality parameters at discharge point and after constructed wetland treatment at six IAA facilities (annual mean ± SD) 
 

Parameter Pond outlet Post-wetland Removal (%) Threshold Compliance 

TN (mg L⁻¹) 18.4 ± 3.2 5.81 ± 1.4 68.4 2.5 Partial 

TP (mg L⁻¹) 3.82 ± 0.7 0.99 ± 0.3 74.1 0.1 No 

BOD₅ (mg L⁻¹) 42.3 ± 8.1 8.7 ± 2.4 79.4 6.0 Partial 

DO (mg L⁻¹) 4.2 ± 1.1 6.8 ± 0.9 +61.9 >6.0 Yes 

Turbidity (NTU) 34.7 ± 9.8 8.4 ± 2.7 75.8 <25 Yes 

 
Constructed wetlands substantially reduced all pollutant 
concentrations (Table 1). Phosphorus removal was highest at 
74.1%, but post-wetland TP still exceeded the regulatory 
threshold by 9.9-fold. TN was reduced by 68.4% to 5.81 mg L⁻¹, 

still 2.3 times above the limit. BOD₅ approached compliance 
after wetland treatment. Dissolved oxygen improved from below 
to above the threshold. 

 

 
 

Fig 1: Spatial attenuation of total nitrogen, total phosphorus, and BOD₅ with distance from aquaculture discharge point (mean across six facilities) 

 

Nutrient concentrations followed exponential decay curves with 

distance from discharge (Figure 1). TN reached background 

levels (≤2.5 mg L⁻¹) at approximately 800 m. TP approached 

background at 1,500 m. BOD₅ declined most rapidly, falling 

below the threshold within 400 m. 

 

 
 

Fig 2: Proportional contribution of nutrient loading sources in integrated aquaculture-agriculture systems based on mass balance analysis 
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Fish feed waste was the dominant nutrient source at 38.2% of 

total loading (Figure 2), followed by fish excretion (24.7%) and 

agricultural runoff from irrigated fields (16.1%). Improving feed 

conversion ratios and feed formulation could address over 60% 

of the nutrient loading. 

 

Discussion 

The constructed wetlands achieved removal rates consistent with 

the upper range of reported performance for agricultural 

treatment wetlands [10], yet post-treatment concentrations still 

exceeded regulatory thresholds for TN and TP. This gap 

between treatment capacity and compliance requirements 

suggests that wetlands alone cannot solve the water quality 

challenge for intensive IAA systems. Additional treatment 

stages—such as algal polishing ponds or denitrification 

bioreactors—would be needed for full compliance [11]. 

The source apportionment results point to feed management as 

the highest-leverage intervention. With feed waste contributing 

38.2% of nutrient loading, even modest improvements in feed 

conversion (from typical 1.8 to best-practice 1.3) could reduce 

total nutrient discharge by 15-20% [12]. Combining improved 

feed management with constructed wetlands and optimized crop 

nutrient uptake could bring these systems closer to the circular 

economy ideal they aspire to [13]. 

 

Conclusion 

Intensive IAA systems in the Neckar catchment discharged 

nutrient concentrations 7-38 times above regulatory thresholds at 

pond outlets. Constructed wetlands reduced pollutant loads by 

68-79% but did not achieve full compliance for TN or TP. Feed 

waste was the dominant nutrient source, and improving feed 

management offers the greatest potential for reducing 

environmental impact. For IAA systems to fulfill their promise 

as circular agriculture models, multi-stage treatment combining 

wetlands, feed optimization, and enhanced crop nutrient uptake 

will be essential. 

 

References 

1. Naylor RL, Goldburg RJ, Primavera JH, et al. Effect of 

aquaculture on world fish supplies. Nature. 

2000;405(6790):1017-1024. 

2. Edwards P. Aquaculture-agriculture systems in Asia. In: 

Costa-Pierce BA, editor. Ecological aquaculture. Oxford: 

Blackwell Science; 2002. p. 56-78. 

3. Troell M, Naylor RL, Metian M, et al. Does aquaculture 

add resilience to the global food system? Proceedings of the 

National Academy of Sciences. 2014;111(37):13257-13263. 

4. Verdegem MCJ, Bosma RH, Verreth JAJ. Reducing water 

use for animal production through aquaculture. International 

Journal of Water Resources Development. 2006;22(1):101-

113. 

5. European Commission. Directive 2000/60/EC establishing a 

framework for Community action in the field of water 

policy. Brussels: Official Journal; 2000. 

6. German Federal Ministry for the Environment. 

Oberflächengewässerverordnung (OGewV). Berlin: 

Bundesgesetzblatt; 2016. 

7. APHA. Standard methods for the examination of water and 

wastewater. 23rd ed. Washington: American Public Health 

Association; 2017. 

8. Hennessy MM, Wilson L, Struthers W. Mass balance 

approaches for nutrient source apportionment in aquaculture 

systems. Aquaculture Engineering. 2017;78:82-91. 

9. Kadlec RH, Wallace SD. Treatment wetlands. 2nd ed. Boca 

Raton: CRC Press; 2009. 

10. Vymazal J. Removal of nutrients in various types of 

constructed wetlands. Science of the Total Environment. 

2007;380(1-3):48-65. 

11. Lin YF, Jing SR, Wang TW, Lee DY. Effects of 

macrophytes and external carbon sources on nitrate removal 

from groundwater in constructed wetlands. Environmental 

Pollution. 2002;119(3):413-420. 

12. Cho CY, Bureau DP. A review of diet formulation 

strategies and feeding systems to reduce excretory and feed 

wastes in aquaculture. Aquaculture Research. 

2001;32(s1):349-360. 

13. Kloas W, Groß R, Baganz D, et al. A new concept for 

aquaponic systems to improve sustainability, increase 

productivity, and reduce environmental impacts. 

Aquaculture Environment Interactions. 2015;7(2):179-192. 

14. Turcios AE, Papenbrock J. Sustainable treatment of 

aquaculture effluents: what can we learn from the past for 

the future? Sustainability. 2014;6(2):836-856. 

15. Boyd CE, Tucker CS. Handbook for aquaculture water 

quality. Auburn: Craftmaster Printers; 2014. 

16. Crab R, Avnimelech Y, Defoirdt T, Bossier P, Verstraete 

W. Nitrogen removal techniques in aquaculture for a 

sustainable production. Aquaculture. 2007;270(1-4):1-14. 

17. Bosma RH, Verdegem MCJ. Sustainable aquaculture in 

ponds: principles, practices and limits. Livestock Science. 

2011;139(1-2):58-68. 

18. Piedrahita RH. Reducing the potential environmental 

impact of tank aquaculture effluents through intensification 

and recirculation. Aquaculture. 2003;226(1-4):35-44. 

19. Hu Z, Lee JW, Chandran K, Kim S, Khanal SK. Nitrous 

oxide (N₂O) emission from aquaculture: a review. 

Environmental Science and Technology. 2012;46(12):6470-

6480. 

20. Brummett RE, Lazard J, Moehl J. African aquaculture: 

realizing the potential. Food Policy. 2008;33(5):371-385. 

21. Bunting SW. Principles of sustainable aquaculture: 

promoting social, economic and environmental resilience. 

London: Routledge; 2013. 

 

https://www.agronomyjournals.com/

