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Abstract
While macroinvertebrate dispersal operates at the individual level, predictions of their 
dispersal capabilities often rely on indirect proxies rather than direct measurements. 
To gain insight into the dispersal of individual specimens, it is crucial to mark (label) and 
capture individuals. Isotopic enrichment with 15N is a non-invasive method with the 
potential of labelling large quantities of macroinvertebrates. While the analysis of 15N 
is widely utilised in food web studies, knowledge on the specific utility of isotopic en-
richment with 15N for mass labelling of macroinvertebrate individuals across different 
taxa and feeding types is limited. Previous studies have focused on single species and 
feeding types, leaving gaps in our understanding of the broader applicability of this 
method. Therefore, this study aimed to test and compare isotopic mass enrichment 
across several macroinvertebrate taxa and feeding types. We released 15NH4Cl at 
five stream reaches in North-Rhine Westphalia, Germany, and successfully enriched 
12 distinct macroinvertebrate taxa (Crustacea and Insecta). Significant enrichment 
was achieved in active and passive filter feeders, grazers, shredders and predators, 
and predominantly showed positive correlations with the enrichment of the taxa's 
main food sources phytobenthos and particulate organic matter. Enrichment levels 
rose rapidly and peaked at distances between 50 m and 300 m downstream of the 
isotopic inlet; significant enrichment occurred up to 2000 m downstream of the iso-
topic inlet in all feeding types. Macroinvertebrate density estimates on the stream 
bottom averaged to a total of approximately 3.4 million labelled individuals of the 12 
investigated taxa, thus showing the high potential of isotopic (15N) enrichment as a 
non-invasive method applicable for mass labelling across different macroinvertebrate 
feeding types. Hence, isotopic enrichment can greatly assist the analysis of macroin-
vertebrate dispersal through mark-and-recapture experiments, as it allows to measure 
the movement at the level of individual specimens.
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1  |  INTRODUC TION

Dispersal is a fundamental ecological process involving the move-
ment of individuals between discrete habitat patches (Bilton 
et al., 2001). It is a crucial factor in the life cycle of aquatic macro-
invertebrates as it ensures the gene flow between metapopulations 
(Briers et  al., 2004) and the (re-)colonisation of habitats after the 
species' release from natural and anthropogenic stressors (Brooks 
& Boulton, 1991; Vos et al., 2023; Winking et al., 2016), and com-
pensates for riverine downstream drift in lotic systems (Hershey 
et al., 1993). Macroinvertebrate dispersal is driven by a wide range of 
abiotic and biotic drivers, for example, by stream flow velocity (James 
et  al., 2008; Naman et  al.,  2017; Schülting et  al.,  2016), the pres-
ence of predators (Hernandez & Peckarsky, 2014; Lancaster, 1990) 
and the infestation of macroinvertebrates with parasites (Prati 
et al., 2023; Vance, 1996) that varies by habitat and therefore may 
affect different life stages.

Mathematical modelling can help understand the complex rela-
tionships that are involved in dispersal and thus facilitate the pre-
diction of dispersal and its underlying processes. Several studies 
illustrate the utility of dispersal modelling by combining theoreti-
cal considerations on dispersal with empirically observed patterns 
of field studies (Peredo Arce et  al.,  2021; Radinger et  al.,  2014; 
Sondermann et al., 2017). Modelling can help to reconstruct disper-
sal patterns observed in past studies as well as anticipate probabil-
ities of future dispersal (Sondermann et al., 2017). In order to make 
sufficiently precise and reliable statements, however, modelling 
requires a comprehensive understanding of the distances that the 
individuals of a taxon's population disperse during the taxon's life-
cycle stages and lifetimes until reproduction. Dispersal distances 
could be derived from field measurements (Kovats et  al.,  1996; 
Malicky, 1987) or, as an alternative, from species-specific dispersal 
traits (Li et  al., 2016, 2018; Sarremejane et  al., 2020). However, a 
widely acknowledged criticism against the use of species-specific 
distances or species trait-based proxies of dispersal in predictive 
dispersal models is that dispersal operates at the level of individ-
ual specimens rather than at the level of a species’ entire popula-
tion (Doerr & Doerr, 2005; Driscoll et al., 2014; Tonkin et al., 2018). 
Therefore, for accurate predictions, knowledge about the distances 
travelled by individual members of a population and the proportion 
of the population engaging in dispersal is essential (Lancaster & 
Downes, 2017; Sondermann et al., 2017).

Previous research indicates that dispersal distances follow lep-
tokurtic distributions, where only a small fraction of individuals en-
gage in extensive dispersal, while the majority of individuals within a 
population exhibit a limited mobility (Petersen et al., 1999; Radinger 
et  al.,  2014). Studies suggest that macroinvertebrate dispersal dis-
tances follow a leptokurtic distribution too (Nathan et  al.,  2012). 

However, the knowledge of individual dispersal distances travelled by 
macroinvertebrates remains limited, as does our understanding of the 
proportion of stationary and mobile individuals within macroinverte-
brate populations. To address these knowledge gaps and to assess 
both dispersal distances and the mobile fractions of macroinverte-
brate populations, labelling of individuals is necessary. A promising 
non-invasive labelling technique reported to be capable of labelling 
large quantities of stream macroinvertebrates is the use of stable 
isotopes (Briers et  al., 2002). Stable isotopes of biogenic elements 
naturally occur as a composition of heavy and lightweight isotopes, 
with the heavier isotopes (e.g. 2H, 18O, 13C, 15N) typically exhibiting 
a much lower abundance in nature. The ratio of 14N to 15N in air, for 
example, is 99.634: 0.366 (Coplen et al., 2002). By releasing biologi-
cally available 15N into the environment, this ratio can be artificially 
altered in autotrophs (e.g. benthic algae) and their consumers (e.g. 
macroinvertebrates), thereby changing their isotopic compositions.

While 15N is widely studied in aquatic ecosystems to investigate 
the uptake, turnover and retention processes of nitrogen as well 
as the trophic interactions in aquatic food webs (Sánchez-Carrillo 
& Álvarez-Cobelas,  2018; Tank et  al.,  2000), the knowledge of its 
utility for mass labelling of large quantities of macroinvertebrates 
in order to assess their dispersal distances is limited; several studies 
confirmed the general feasibility of isotopic enrichment of stream 
macroinvertebrates with 15N, but largely focused on single species 
that feed as grazers (Hershey et  al., 1993) or gathering collectors 
(Briers et al., 2004; Caudill, 2003; Macneale et al., 2005). However, 
little is known about the feasibility of isotopic labelling across differ-
ent macroinvertebrate taxa and feeding types, that is, covering graz-
ers, shredders, gathering collectors, active and passive filter feeders 
and predators. If applicable, this labelling technique would allow to 
label large quantities of populations of numerous species and hence 
support the investigation of macroinvertebrate dispersal at the level 
of individual specimens for whole communities.

Here, we present the results of a study that aimed to investigate 
the feasibility of isotopic enrichment with 15N across several stream 
macroinvertebrate taxa of different feeding types. We hypothesised 
that besides ‘grazers’ (Hershey et al., 1993) and ‘detritus feeder’ (= 
gathering collectors) (Briers et  al., 2004; Caudill,  2003; Macneale 
et al., 2005), mass enrichment is feasible also for other feeding types 
(H1). Shredders feed on particulate organic matter (POM, e.g. fallen 
leaves) and thereby also ingest the biofilm of fungi and algae that 
grows on POM and facilitates its decomposition (Bastias et al., 2020). 
It is likely that the highly productive biofilm incorporates sufficient 
15N to also significantly label their consumers. Likewise, active and 
passive filter feeders would get enriched, as they also feed on POM 
and suspended particles. Predators would get enriched, when feed-
ing on enriched prey organisms. The enrichment of macroinverte-
brates irrespective of their feeding behaviour should allow to label 
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extremely high numbers—even millions—of macroinvertebrate indi-
viduals (Briers et al., 2004).

Furthermore, we hypothesised that 15N enrichment levels vary 
across the food chain due to differences in the enrichment of main 
food sources (H2). In particular, grazers are expected to exhibit a high 
level of enrichment as they directly feed upon phytobenthos (i.e. ben-
thic algae), which is known to be a productive sink of nitrogen. In con-
trast, shredders and gathering collectors would become less strongly 
enriched, because their food primarily consists of dead organic matter. 
As to the longitudinal pattern of isotopic enrichment in the stream 
continuum, we hypothesised a pronounced enrichment directly down-
stream of the isotope inlet, that is, the point where 15N is released into 
the water. Enrichment would peak close to the inlet and from there 
subsequently decline until the 15N signal would reach natural back-
ground levels (Hershey et al., 1993) (H3). This pattern reflects the ex-
pectation of rapid incorporation of 15N into primary producers near 
the source, resulting in a substantial rise, followed by a decrease in the 
15N enrichment signal with increasing distance from the isotope inlet.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The study was carried out at five sampling reaches (each 2 km in length) 
in two sand-bottom lowland streams (Rotbach/Schwarzbach and 
Boye) in North Rhine-Westphalia, Germany (Figure 1). The Rotbach 

(incl. its major tributary Schwarzbach) has a rural catchment with a 
near-natural and mainly forested upstream section (reach RB21/RB22 
and SB21) that is also characterised by near-natural hydromorphologi-
cal conditions. Since reaches RB21 and RB22 are spatially identical 
but differ in the sampled year, they are considered as separate sam-
ples. Further downstream, extensive agriculture (horse meadows) 
dominates the land use adjacent to the stream course, which is hydro-
morphologically degraded. Several hydromorphological restorations 
have been implemented in the past decade, which aimed to restore 
the stream course, its bed and bank conditions and the riparian cor-
ridor. Study reach RBA3 is located within a restored section. The 
upper catchment of the Boye is dominated by intensive agriculture 
(meadows and arable land). Here, the stream is hydromorphologically 
altered and has to be pumped against a gradient due to mining subsid-
ence as a result of intensive mining in the catchment area. Reach BY22 
is located downstream of a pumping station within a straightened sec-
tion accompanied by a narrow forested riparian corridor. The mean 
discharges at the sampling reaches are given in Table 1.

2.2  |  Biological sampling

2.2.1  |  Population density estimation

Biological sampling took place in 2021 and 2022. For population 
density assessment, a representative section (100 m in length) 
was selected within each sampling reach and subdivided into five 

F I G U R E  1 Location of 2 km sampling reaches (thick red lines) in the Rotbach (RB, SB) and the Boye (BY) catchments in North-Rhine 
Westphalia, Germany. Visual differences in sampling reaches are attributed to the pronounced curvature (with meanders) of the reaches 
RB21/RB22 and SB21.
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subsections (each 20 m in length). Macroinvertebrates were sampled 
in three of the five subsections (upstream end, middle and down-
stream end) using a hand net (shovel-sampler, frame size: 25 × 25 cm, 
mesh size: 500 μm) in line with the German standard methodology 
(Meier et al., 2006). In each subsection, the width of the watercourse 
was measured, and the different bed substrates were sampled ac-
cording to their estimated proportions of the total area of the stream 
bed, with a maximum of 11 samples per subsection. Sampling within 
each subsection proceeded against the flow, that is, starting from 
the downstream margin and moving upwards, while the movement 
followed a zig-zag line to ensure that the sampling covered the habi-
tat variability of frequent substrates in the subsection. To take an 
individual sample, the hand net was placed directly on the stream 
bed and the area of 25 × 25 cm directly upstream of the net was dis-
turbed by hand at a depth of 5 cm.

Based on availability, abundance and consideration of different 
feeding types, altogether 12 model taxa were selected for the labelling 
experiment (Table 2, Figure 2). These model taxa were fixed in 96% 
ethanol for transport and storage until processing in the laboratory. 
To estimate the population density of model taxa in a reach, the mean 
density (±1 SD) within the three sampled 20 m subsections was calcu-
lated and divided by 20 to obtain the taxon's density (and its variability) 
per 1 m of stream length. Because reach RB21 and RB22 are spatially 
identical and differ only in the sampled year, the population density 
estimates from 2021 were also used for the experiment in 2022.

2.2.2  |  Biological sampling of labelled 
specimens and food sources

After enrichment, model taxa, phytobenthos (PB) and particulate or-
ganic matter (POM) were sampled at nine sampling sites below the 
release point (50, 100, 200, 300, 500, 750, 1000, 1500 and 2000 m) 
and a non-labelled site located 50 m above the release point (refer-
ence) to evaluate the enrichment with and depletion of 15N in the 
biomass over a distance of up to 2000 m downstream of the release 
point (biological sampling).

Up to 10 individuals of the model taxa were sampled using a 
hand net (frame size: 25 × 25 cm, mesh size: 500 μm) at each sampling 
site (see ‘Section 2.2.1’).

Phytobenthos was brushed into labelled containers with a 
toothbrush from at least five different stones or pieces of dead 
wood. POM was collected by hand near the banks as well as in 
the middle of the streams. All biological samples were stored in 

labelled containers containing 96% ethanol at −20 °C until stable 
isotope analysis.

2.3  |  Isotopic enrichment

Enrichment with heavy nitrogen (15N) was accomplished by using 
isotopically enriched 15NH4Cl (Silantes, minimum 99 atom. % 

15N 
purity), which was diluted in 40 L distilled water for each enrichment 
experiment. This tracer solution was released through a Mariotte's 
bottle, which assured a consistent release of the solution independ-
ent of the hydrostatic pressure within the bottle. The solution was 
evenly released during the 42-day enrichment period, which was 
equivalent to a release rate of approx. 39.7 mL per hour. In order 
to calculate the dilution of NH4Cl during the enrichment period, 
weekly discharge measurements were taken using a vane anemom-
eter (MiniAir20; Schiltknecht Messtechnik, Switzerland) (Table 1). At 
10 evenly spaced locations along the stream's cross-section, flow 
velocity was measured at 20% and 80% depth and averaged to get a 
mean flow velocity per location. The mean discharge was then cal-
culated from the mean value of all 10 locations multiplied by the 
cross-sectional area of the site (Herschy, 2014). A fertilisation effect 
by nitrogen was not expected due to the small amounts of added 
15NH4Cl (Briers et al., 2004).

2.4  |  Stable isotope analysis

For the stable isotope analysis all sampled specimens of target 
taxa, phytobenthos and POM were freeze dried (Heto PowerDry 
LL3000; Thermo Fisher Scientific, Waltham, USA) and homog-
enised using a stainless steel micro pestle. Each sample was 
weighed using an electronic precision scale (accurate to 0.001 mg, 
M2P, Sartorius AG, Göttingen, Germany) (benthic invertebrates in 
the range: 0.5–1.0 mg; particulate organic matter and phytoben-
thos: 2.0–3.0 mg) and folded into 4 × 6 mm tin capsules for solids 
(IVA Analysentechnik e.K., Meerbusch, Germany) by pressing out 
the air voids. Samples were prepared as triplicates if the amount 
of homogenised sample material was sufficient or into duplicates 
or single samples for taxa with low dry sample mass (Baetis sp., 
Nemoura sp.). To avoid contamination, all tools (micro pestle, for-
ceps, stainless steel folding block) used for the handling of sam-
ples were previously wiped with acetone (analytical grade, Fisher 
Chemical, USA). Stable isotopes were analysed using isotope ratio 

Site 15NH4Cl (g)
Mean discharge 
(±SD) (L s−1)

Mean dilution 
(mg/L s−1) Enrichment period

BY22 20 650 ± 324 31 03/31/2022–05/12/2022

RB21 20 415 ± 349 48 05/11/2021–06/21/2021

RB22 20 433 ± 146 46 03/29/2022–05/10/2022

RBA3 30 1841 ± 855 16 03/29/2022–05/10/2022

SB21 40 300 ± 143 133 08/17/2021–09/28/2021

TA B L E  1 Stable isotope release 
(15NH4Cl) and discharge conditions during 
the enrichment period at five sampling 
reaches in the Boye (BY), Schwarzbach 
(SB) and Rotbach (RB). Mean values 
were calculated from up to 6 weekly 
measurements within the enrichment 
period (42 days).
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mass spectrometry (IRMS, Isoprime visION, Elementar, Germany) 
connected to an elemental analyser (EA, Vario ISOTOPE Select, 
Elementar, Germany) operating in CN-mode. Acetanilide was used 
as a laboratory internal standard and was normalised using the in-
ternational standards USGS40 and USGS41a (both International 
Atomic Energy Agency, Vienna, Austria). The isotope ratios were 
calculated and reported in δ-notation as differences of the isotope 
ratio of the sample and isotope ratio of an international reference 
substance (for details see Nachev et al. (2017). δ15N for each sam-
ple was calculated as the mean δ15N of each triplicate, duplicate, or 
single processed sample.

2.5  |  Data analysis

All statistical analyses and graphical representations of results were 
conducted using R (v.4.1.2; R Core Team, 2021) in RStudio (v23.6.1; 
Posit team, 2023). The minimum type-I error was set to p < .05 in all 
statistical analyses.

In general, a sample (S) was considered enriched (=labelled) 
when its δ15N value exceeded the mean δ15N + 2SD of the respec-
tive reference site upstream of the enrichment inlet R (Formula 1) 
(Macneale et al., 2004, 2005).

To identify taxon-specific enrichment (H1), the mean δ15N values 
of the measured individuals of taxon were compared to the respec-
tive reference values acc. to Formula 1. If the reference value was 
missing due to the absence of the specific taxon at the reference site 
of a reach, the reference value from the closest reach that included 
the particular taxon was used instead.

The same procedure was applied to determine the enrichment of 
feeding types and food sources (H2). Therefore, feeding types were 
assigned to model taxa acc. to Schmidt-Kloiber and Hering (2015). 

Taxa with various feeding type assignments (omnivores) were as-
signed to the main feeding type, that is, the type with the highest 
individual score.

For each feeding type and food source, an independent samples 
t-test was performed to assess whether there were significant dif-
ferences in mean δ15N values between the reference site and sites 
downstream to the enrichment inlet (function: t.test()).

Pairwise correlations for δ15N of phytobenthos and POM with 
different feeding types at each sampled distance downstream to the 
15NH4Cl enrichment inlet over all sampling reaches were tested for 
statistical significance using Spearman correlation analysis (function: 
cor.test()).

To investigate the enrichment along the stream continuum 
downstream (H3), all sampled individuals of model species and all 
phytobenthos and POM at each of the nine distances downstream 
of the enrichment inlet were compared to the respective refer-
ence value acc. to Formula 1. This facilitated the determination of 
the length of the enriched section for each taxon and food source, 
enabling to observe patterns of enrichment over this specific 
section.

For each feeding type and food source, an independent samples 
t-test was performed to assess whether there were significant dif-
ferences in mean δ15N values between the 50–300 m and the 500–
2000 m sampling sites downstream to the enrichment inlet in each 
reach (function: t.test()).

Further, the section length of observable isotopic enrichment 
was used to estimate the overall number of enriched specimens of 
each model taxon by multiplying the enriched section length with 
the taxon-specific density estimates (see above).

3  |  RESULTS

3.1  |  Taxa density

The taxon-specific density estimates varied notably between reaches, 
ranging from 1.1 (Sialis sp., BY22) to 362.8 (Gammarus pulex, RB21/
RB22) individuals per metre of reach length, with densities being gen-
erally higher in the predominantly near-natural forested upstream 
sections (reach RB21/RB22 and SB21) as compared to the hydromor-
phologically degraded downstream sections (reach RBA3 and BY22) 
(Table  3). Several taxa showed a heterogenous distribution across 
reaches (e.g. Chaetopteryx villosa: 0–2.41 Ind. m−1, G. pulex: 17.08–
362.83 Ind. m−1) and also across the three 20 m-subsections within a 
reach (e.g. Nemoura sp.: 3.3 ± 1.7 (mean ± SD), G. pulex: 362.8 ± 463.2).

3.2  |  Isotopic enrichment

A total of 1227 macroinvertebrate individuals from the five sam-
pling reaches were investigated for isotopic enrichment (Table  2). 
Among them, 141 individuals originated from the reference site up-
stream of the enrichment inlet, and 1086 individuals were captured 

(1)Enriched = x
(

𝛿
15
Ns

)

> x
(

𝛿
15
NR

)

+ 2∗𝜎R

F I G U R E  2 Larva of Baetis sp., Leach 1815 (Insecta: 
Ephemeroptera). Approximately 800,000 individuals of this grazing 
taxon were successfully labelled with 15N during this enrichment 
experiment (Picture: Julian Enss).
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downstream of the enrichment inlet. Within the latter group, 903 
individuals (83.1%) were enriched, that is, their δ15N value was higher 
than the mean value plus two times the standard deviation of the 
reference site. An enrichment was detectable across 12 distinct 
taxa, encompassing representatives from five taxonomic orders 
and two classes (Table 2). Mean enrichment of taxa ranged between 
9.5‰ (with 20 g 15NH4Cl), 16.9‰ (30 g) and 54.1‰ (40 g), thus ex-
ceeding the taxon-specific enrichment thresholds by an average of 
66.1% (20 g), 108.6% (30 g) and 656.4% (40 g) (Table 1).

3.3  |  Enrichment of macroinvertebrate feeding 
types and food sources

The 12 enriched species, categorised into five feeding types 
(Figure  3), exhibited significant differences in mean δ15N values 

between the reference sites upstream and the sites downstream of 
the enrichment inlet (t-test, p < .001; Figure 3, Table 4). Downstream 
of the enrichment inlet, grazer displayed the highest mean 
δ15N value (64.61‰ ± 62.44), followed by passive filter feeders 
(42.70‰ ± 26.74), shredders (28.04‰ ± 35.22), active filter feed-
ers (27.98‰ ± 29.29) and predators (21.62‰ ± 26.73). Notably, PB 
showed consistently higher mean δ15N values (10.79‰ ± 11.26) at all 
reaches as compared to POM (1.90‰ ± 5.40) downstream of the en-
richment inlet. The predominant correlation between feeding types 
and food sources was positive (Spearman's ρ = 0.66, p = .04). In gen-
eral, active filter feeders, predators and shredders exhibited mod-
erate to strong positive relationships (Spearman's ρ = 0.429–0.929) 
with both PB and POM (Table  5). However, reach-specific differ-
ences weakened the overall trend, as correlations were not statisti-
cally significant at all reaches for predators and active filter feeders. 
Notably, although mainly positive correlations were observed, there 

TA B L E  3 Density estimates and number of enriched specimens of investigated taxa within the enriched sections of the five sampling 
reaches.

Taxon
Site 
code

Enriched 
section (m)

Number of individuals m−1, 
Mean (min–max)

Total number of enriched 
individuals, Mean (min–max)

Gammarus pulex (Linnaeus, 1758) BY22 2000 5.79 (1.8–15.5) 11,580 (3600–31,000)

RB21 750 2.41 (1.7–5.5) 1205 (850–2750)

RB22 1000 5.44 (0–16.3) 10,880 (0–32,600)

RBA3 2000 90.21 (32.6–136) 180,420 (65,200–272,000)

SB21 2000 25.74 (10.2–38.7) 51,480 (20,400–77,400)

Ephemera danica Muller, 1764 BY22 2000 1.35 (0–4) 2025 (0–6000)

RB21 1500 1.13 (0–3.4) 565 (0–1700)

RB22 1000 184.72 (35–298.7) 277,080 (52,500–448,050)

RBA3 2000 362.83 (59.5–896) 272,122.5 (44,625–672,000)

SB21 2000 325.44 (98–700) 325,440 (98,000–700,000)

Baetis sp. Leach, 1815 BY22 2000 14 (0–28) 2800 (0–5600)

RB22 200 184.72 (35–298.7) 184,720 (35,000–298,700)

RBA3 2000 362.83 (59.5–896) 362,830 (595,00–896,000)

SB21 2000 325.44 (98–700) 244,080 (73,500–525,000)

Sialis sp. Latreille, 1802 BY22 500 21.43 (9.3–34) 2143 (930–3400)

RB22 750 21 (0–63) 15,750 (0–47,250)

RBA3 2000 2.46 (0.9–4.7) 4920 (1800–9400)

SB21 1000 2.41 (0–5.5) 3615 (0–8250)

Nemoura sp. Latreille, 1796 SB21 2000 4.21 (1.9–6) 8420 (3800–12,000)

Polycentropus irroratus Curtis, 1835 SB21 2000 17.08 (6.9–28.3) 34,160 (13800–56,600)

Chaetopteryx villosa (Fabricius, 1798) BY22 500 54.5 (0–163.5) 109,000 (0–327,000)

RBA3 1500 2.98 (0.9–5.1) 5960 (1800–10,200)

Halesus radiatus (Curtis, 1834) RB21 1000 7.89 (0–17.3) 15,780 (0–34,600)

RB22 750 8.15 (0–19.2) 16,300 (0–38,400)

Limnephilus lunatus Curtis, 1834 BY22 2000 348.8 (259.2–403.2) 697,600 (518,400–806,400)

RBA3 2000 234.07 (63.4–518.4) 468,140 (126,800–1,036,800)

Potamophylax cingulatus (Stephens, 1837) SB21 1500 55.2 (5.8–148.9) 110,400 (11,600–297,800)

Potamophylax rotundipennis (Brauer, 1857) BY22 1500 4.14 (0–12.4) 6210 (0–18,600)

RB22 100 23.25 (5.8–57.6) 23,250 (5800–57,600)
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was one instance of reach-specific negative correlations of shred-
ders and POM (Reach BY22, Spearman's ρ = −0.72, p = .02). In gen-
eral, grazers showed weak and mostly insignificant correlations with 
both PB and POM. Passive filter feeders occurred at two reaches 
and showed insignificant correlations with both food sources at one 
of them, while data were limited at the other reach.

3.4  |  Enrichment distances

The mean enrichment for all feeding types and food sources 
exhibits a sharp increase downstream of the enrichment inlet, 
peaking at 32.3‰ (50 m) and reaching its highest value at 33.3‰ 

(100 m). Subsequently, there is a gradual decrease in enrichment, 
with values of 30.5‰ (200 m), 27.6‰ (300 m), 24.6‰ (500 m) 
and 25.7‰ (750 m), followed by a more noticeable reduction to 
19.1‰ (1000 m) and 9.2‰ (1500 m) until 10.8‰ (2000 m). Over 
80% of the enriched taxa and food sources exhibited their highest 
mean δ15N levels within the first 300 m downstream to the en-
richment inlet. Differences in mean δ15N levels between the sites 
at 50–300 m and 500–2000 m were significant (t-test, p < .001; 
Table 6) for all reaches, except for BY22. Across all tested feeding 
types and food sources, successful enrichment was observed up 
to the maximum sampled distance of 2000 m downstream to the 
enrichment inlet, with reach-specific variations to the maximum 
distances (Figure 4, Table 3).

F I G U R E  3 δ15N measurements of 
macroinvertebrate specimens grouped by 
feeding types and of food sources at non-
enriched reference sites (light grey) and 
at enriched sites (dark grey). N, number of 
specimens analysed.

Feeding type/food source

Reference Enriched

t df pMean SD Mean SD

Active filter feeder 5.7 0.9 28 29 12 254 <.001

Passive filter feeder 5.2 0.9 42 27 12 69.7 <.001

Grazer 5.2 1.5 65 62 12 154 <.001

Shredder 5.2 5.2 28 35 15 701 <.001

Predator 7.4 0.7 22 27 4.4 66.3 <.001

Phytobenthos (PB) 4.7 2.1 11 11 8 215 <.001

Particulate organic matter 
(POM)

0.5 1.2 1.9 5.4 3.8 273 <.001

Note: Significance was tested using individual t-tests.

TA B L E  4 Differences in the mean 
δ15N of macroinvertebrate feeding types 
and investigated food sources between 
enriched and non-enriched reference 
sites.
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3.5  |  Number of enriched individuals

Extrapolating taxa-specific densities across all reaches and taking 
into account the maximum achieved enrichment distance per reach 
and target taxon, we estimated a mean of approx. 3.4 million indi-
viduals (min: 1.1 million, max: 6.7 million) enriched with 15N. Taxa 
densities, enrichment distances and the numbers of enriched indi-
viduals notably varied across the reaches. A minimum of at least 565 
Sialis sp. along an enriched stream length of 500 m (BY22) and up to 
697,600 G. pulex along an enriched stream length of 2000 m (SB21) 
were successfully enriched (Table 3). The number of enriched indi-
viduals of the same taxon varied greatly between all reaches with 

the highest differences found in G. pulex with 20 times more indi-
viduals in SB21 compared to RBA3, while variability was relatively 
small in C. villosa with only four times more enriched individuals in 
RBA3 as compared to BY22.

4  |  DISCUSSION

4.1  |  Feasibility of isotopic enrichment using 15N

This study aimed to investigate the applicability of stable isotopic 
enrichment (15N) to label large amounts of macroinvertebrates 

Reach

50–300 m 500–2000 m

t df pMean SD Mean SD

BY22 6.4 5.6 6.5 5.7 −0.1 228.7 0.93

RB21 10.2 7.5 5.8 4.9 6.0 248.9 <0.001

RB22 11.9 8.5 4.6 4.9 8.2 176.7 <0.001

RBA3 15.6 14 8.9 6.7 5.4 202.2 <0.001

SB21 70.9 50 47.7 39.9 5.8 484.1 <0.001

TA B L E  6 Differences in the mean δ15N 
of macroinvertebrates and investigated 
food sources at the sites 50 m–300 m 
and 500 m–2000 m downstream to the 
enrichment inlet. Significance was tested 
using individual t-tests.

F I G U R E  4 Mean δ15N contents of investigated macroinvertebrate specimens (per feeding type) and of food sources along the five 
sampling reaches. Reference marks the non-enriched site 50 m upstream of the isotope inlet. (For better clarity, SDs around mean values are 
not shown).
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irrespective of their taxon identity and feeding behaviour. Enrichment 
experiments were conducted across five reaches of sand-bottomed 
lowland streams in Germany, involving the collection and analysis 
of macroinvertebrate taxa, as well as two major food sources (phy-
tobenthos and particulate organic matter) for their 15N enrichment. 
In contrast to previous enrichment studies that primarily focussed 
on single species/taxa (Briers et  al., 2004; Caudill,  2003; Hershey 
et al., 1993; Macneale et al., 2005), this study confirmed the success-
ful isotopic enrichment of 12 macroinvertebrate taxa representing 
active and passive filter feeders, grazers, shredders and predators. 
Reliable isotopic enrichment was detected at distances of up to 2 km 
downstream of the enrichment inlet, which demonstrates the gen-
eral suitability of 15N isotopic enrichment for mass labelling of mul-
tiple taxa, that is, communities. The population density estimations 
suggest that on average more than 3 million individuals belonging 
to five taxonomic orders (Amphipoda, Ephemeroptera, Plecoptera, 
Trichoptera and Megaloptera) were successfully labelled, which 
supports our first hypothesis. Although it is important to acknowl-
edge that these high numbers of individuals represent extrapolated 
estimates rather than precise measurements, they by far exceed 
the numbers that are typically achieved by traditional mark-and-
recapture methods (e.g. Lehmann  (1967), Rawer-Jost et  al.  (1998). 
Even under the most conservative scenario based upon the lowest 
densities of the target taxa observed in our study, more than one 
million individuals were successfully labelled. This order of magni-
tude is supported, for example, by Briers et al. (2004), who success-
fully labelled 1.5 million specimens of the stonefly Leuctra inermis 
with 15N. Thereby, we would assume that the actual number of la-
belled specimens in our study was much higher, as we based our es-
timates only upon the 12 targeted taxa. Further, labelling with stable 
isotopes is advantageous over conventional approaches due to its 
non-invasiveness. Manual labelling of animals can induce stress or 
injury, labels may be lost during molting and they may not adhere to 
merolimnic taxa upon emergence. However, little is known as to the 
general applicability of the method to investigate the dispersal of 
aquatic macroinvertebrates of different orders and across different 
feeding types.

The level of 15N enrichment in the investigated specimens varied 
strongly among reaches and was primarily attributed to the quan-
tity of 15NH4Cl that was released during the 6-week enrichment pe-
riod. This relationship was found to be independent of the discharge 
and thus of the dilution factor that was evaluated at all investigated 
reaches during the enrichment period.

Some 15N signatures of POM, phytobenthos and macroinverte-
brate specimens of enriched sampling sites were lower than those 
of the reference samples. This seems contradictory, but could be 
explained by the variation that was introduced by considering the 
(pooled) average enrichment levels of several distinct taxa as rep-
resentative values for a single feeding type over a reach length of 
2 km. Furthermore, environmental background levels of 15N may 
change due to different land uses adjacent to the investigated 2 km 
sections (Hall et  al.,  2009). These potential sources of variation 
have been reported to influence δ15N measurements at a magnitude 

that is equivalent to one trophic level (i.e. factor 1.6, (Cremona 
et al., 2010). However, considering the major objectives of our study, 
these sources of variability are unlikely to confound the labelling of 
benthic macroinvertebrates at δ15N levels that exceed natural back-
ground levels by factor 10–20, as observed in this study. Further, a 
high level of enrichment proves beneficial for maintaining a distinct 
signal over extended periods following the enrichment phase. After 
enrichment, the levels of 15N in food sources and taxa that consume 
them return to their regular background values. Since the molting 
process during emergence is not anticipated to result in a significant 
loss of the enriched 15N (Hershey et al., 1993) and at least one of 
the sexes of certain merolimnic macroinvertebrates does not feed in 
the adult stage (Anderson, 2009; Caudill, 2003), the 15N enrichment 
acquired during the larval stage can be retained. However, many 
merolimnic species must consume terrestrial material in the adult 
stage (for egg production by females), which is likely to result in a 
decrease of δ15N in their tissue over time. Macneale et al. (2004), for 
example, reported a decrease of 2‰ in females of Leuctra ferruginea 
(Plecoptera) between emergence and oviposition.

4.2  |  15N enrichment across feeding types

For simplicity, we considered the predominant feeding type of the 
investigated macroinvertebrate taxa (acc. to Schmidt-Kloiber and 
Hering  (2015) for the analysis of enrichment levels across feeding 
types in our study. We acknowledge that the primary consumers 
(grazers, filter feeders and shredders) do not exclusively feed on a 
single food source but may switch between food sources and feed-
ing habits during their aquatic life stages. This may have introduced 
an unaccounted source of variability to our analyses. However, the 
focus on the main feeding habit was sufficient to test our hypoth-
eses. We found significant differences in the level of 15N enrich-
ment between macroinvertebrate feeding types, which confirms 
our second hypothesis. The highest enrichment levels were found 
for grazers (e.g. the mayfly Baetis sp.) and active filter feeders (e.g. 
the mayfly Ephemera danica), which may relate to the high enrich-
ment of benthic algae that constitute a major food source of Baetis 
sp. (Brown, 1961). However, the low correlation that was found be-
tween the enrichment levels in phytobenthos and grazers suggests 
that this well-reported relationship between grazers and their (sup-
posed) primary food source was not well reflected by our results. 
Enrichment levels of both phytobenthos and grazers also showed 
a high variability within and across study reaches, which may have 
masked the expected correlation.

In contrast to grazers, modest and positive correlations be-
tween feeding types and the investigated food sources were 
found for active filter feeders, shredders and predators. Active 
filter feeders and shredders feed primarily on POM but may also 
feed on phytobenthos that grow on POM. This is supported by 
the strong and positive correlation between the enrichment lev-
els of both feeding types and investigated food sources at several 
study reaches. It is also supported by the high enrichment levels 
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of shredders and active filter feeders at several study sites, which 
were close to those of grazers. If shredders and active filter feed-
ers were primarily feeding on POM, lower enrichment levels of 
both feeding types should be expected, as enrichment levels of 
POM were much lower than those of phytobenthos at all study 
sites (see also Tank et al., 2018).

The enrichment of the single passive filter feeder exhibited no 
correlation with enrichment levels of phytobenthos and POM in 
our study, although the investigated specimens of this species were 
significantly enriched. The consistent and significant enrichment of 
two predators (Sialis sp. and Polycentropus irroratus) confirms that 
isotopic enrichment is feasible across feeding types and trophic lev-
els (Tank et al., 2000).

4.3  |  Longitudinal patterns in the enrichment 
with 15N

Consistent with our third hypothesis, the observed pattern in the 
enrichment levels along the stream continuum aligns well with the 
expected rapid incorporation of 15N into primary producers near the 
source of enrichment. In general, the enrichment was detectable al-
ready 50 m downstream of the isotope inlet, then rapidly increased 
up to 300 m downstream, from where enrichment started to decline 
gradually. Similar patterns have been identified by previous studies 
(Briers et al., 2004; Hershey et al., 1993; Macneale et al., 2005), al-
though our results show that a significant enrichment of both food 
sources and targeted taxa can be achieved at distances of up to 2 km 
below the isotope inlet (and probably further downstream). This ex-
ceeds the maximum enrichment distance of 420 m for Leuctra iner-
mis reported by Briers et  al.  (2004) and of 663 m for L. ferruginea 
reported by Macneale et  al.  (2005) by factor 3–5 and is probably 
owed to the comparatively high amount and purity of 15NH4Cl that 
we released during our study. Hershey et al. (1993) reported the en-
richment of Baetis sp. up to 2.1 km downstream from the isotope 
inlet, yet those results were based upon drifting specimens, which 
renders the comparison with studies on stationary specimens diffi-
cult. We are well aware of the possibility that drifting specimens may 
have influenced our results too. However, the consistent enrichment 
patterns along the stream continuum that we observed for Baetis 
sp. and other drift-prone taxa across all study sections suggest that 
the vast majority of specimens remained relatively stationary. This 
consistency in the enrichment patterns suggests a minimal impact 
of drift on our results.

With regard to the overall enrichment distance, our findings 
suggest a positive correlation between the quantity of released 15N 
and the length of the enriched section. This in particular would be 
beneficial, if the enrichment of a maximum number of individuals 
was aimed at, such as in measuring terrestrial dispersion between 
the upper reaches of watercourses. In such cases, maximising the 
number of enriched individuals is crucial, as the likelihood of a re-
capture decreases with distance. In other cases, the enrichment with 
lower quantities of stable isotopes might be beneficial, for example, 

if more control over the length of an enriched section was the objec-
tive. This may support dispersal measurements from several closely 
located reaches, that is, the shorter enrichment distances would 
allow for a finer spatial resolution.

It is beyond the scope of this study to provide precise recommen-
dations as specific quantities of 15N are required in order to achieve 
certain levels of enrichment or certain lengths of enriched sections. 
Such an attempt might at least suffer from the complex interplay 
of spatiotemporal, chemical and biological covariates influencing the 
transport of 15N along the stream continuum, its assimilation (reten-
tion) by primary producers and its transmission through the aquatic 
food chains. Nevertheless, future studies can draw guidance from 
the findings of this research and the studies conducted by Briers 
et  al.  (2004), Caudill  (2003), Hershey et  al.  (1993) and Macneale 
et al. (2005) when determining the quantity of 15N required for suc-
cessful labelling.

5  |  CONCLUSION

15N labelling emerges as a powerful tool for mass labelling of mac-
roinvertebrates. The findings derived from our experiment demon-
strate the applicability of this method across various feeding types 
for the labelling of whole communities. Moreover, the exceptionally 
high number of approximately 3.4 million labelled individuals among 
12 targeted taxa emphasises the scalability and efficiency of stable 
isotope labelling compared to traditional mark-and-recapture meth-
ods. This non-invasive technique overcomes practical challenges as-
sociated with manual labelling and holds the potential to contribute 
significantly to the field of dispersal ecology, bridging gaps in knowl-
edge and enhancing our ability to comprehend the complexities of 
dispersal patterns, while providing valuable data for the develop-
ment and refinement of dispersal models.
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