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Abstract 

The disappearance of greppels, microrelief structures in the landscape, due to the intensification of 

agriculture in the Netherlands may significantly impact earthworms and their ecosystem functions, such 

as soil improvement and serving as a food source for higher trophic levels. This study compares 

earthworm populations across different ecotypes in grasslands with intact greppel structures and 

intensively managed fields. The research was conducted during the meadow bird breeding season, a 

period when Dutch grassland soils typically become drier due to evaporation rates exceeding 

precipitation. 

The results show a stronger decline in earthworm populations, particularly among epigeic and 

endogeic ecotype species, in intensive fields compared to greppelland. The more rapid drying of soils in 

intensive fields hinders earthworm survival and reproduction. In contrast, greppelland retains more 

moisture, especially around water-retaining greppels, supporting higher reproductive activity. 

Earthworms in these areas exhibit prolonged fertility, which is crucial for sustaining populations. 

Different ecotypes, such as epigeic and endogeic species, adopt various survival strategies during 

drought conditions. However, their overall functionality in nutrient cycling and soil health will decrease 

in extended periods of drought. This study highlights greppelland as a critical refuge for earthworms 

during drought, helping to preserve their ecological functions, which are essential for sustainable 

agriculture and the ecosystem.   
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Introduction  

With large parts of the country lying below sea level, proper water management has always been a major 

challenge for farmers in the Netherlands. The water must be kept at distance to prevent flooding and 

ensure proper growth and harvest of crops, while in times of drought water needs to be retained. Before 

the 1940s, the solution for managing water in agricultural grassland was man-made microrelief structures, 

called greppels. These greppels functioned as a system for transporting excess water to ditches and could 

temporarily retain water in the fields during dryer conditions (figure 1). The begreppeling (construction of 

greppels in a field) of farming plots likely dates back to 1540 or even earlier (Breuker, 2017; van 

Slochteren, 2021; Priester, 1991). There are multiple greppel systems known in different parts of the 

northern Netherlands. The directions and depth of the landscaped greppels vary per region and time in 

history. Terms within this kind of water management differ as well, because this study focuses on the 

northern Netherlands we will use the word greppel when referring to the 20-60 deep man-made gutters 

within a dairy farm grassland serving to manage the water level. The most simple greppelland structure is 

a field with greppels going in the same direction with a similar depth and the same distance between 

them, commonly in Friesland. These greppels drain the water directly from the land to the surrounding 

ditch (figure 2) (Breuker, 2017; van Slochteren, 2021; Priester, 1991).  

 

 
Figure 1, Historical dutch greppelland (van Slochteren, 2021). 
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Figure 2, Schematic overview of a simple greppelland system (van Slochteren, 2021). 

 

The process of making these greppels is called greppelen. Greppelen was done by hand in late winter and 

early spring, when the soil was easier to cut and no harvest could be made. Ropes were stretched over the 

length of the field, along these lines the triangular shape of the greppel was cut with a cutting scythe. 

After this process the loose ground was dug out, forming the greppel. Later in time, horses were 

harnessed to a plough to accelerate the cutting process of the greppels as seen in figure 3 (van Slochteren, 

2021).  
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Figure 3, Imagery of the farmer cutting greppels with the help of a scythe and horsepower (Fries Film & Audioarchief, z.d.). 

 

Earlier in history, greppels reached fully to the slope of the connecting ditch. Later, the part of the greppel 

at the end of the parcel was closed, making it possible for larger machines to turn the end of the mowing 

strip. To maintain the drainage capacity of the greppels, ceramic pipes were placed underground to 

transport the water from the end of the greppel to the ditch. These ceramic pipes became available in the 

Netherlands from 1851 and were essential to farmers as agricultural machinery increased (van Slochteren, 

2021; Priester, 1991). 

Farming practices in the Netherlands kept on evolving over time. Despite the large-scale use of 

the ceramic pipes, the construction was labor intensive and expensive (Priester, 1991). Besides that, 

agricultural machines got bigger and heavier, making it hard to process the grass on the traditional 

greppelland. A new innovation using plastic pipes deeper in the ground ensured that greppels were not 

needed anymore to manage the water in the agricultural fields of the northern Netherlands. This new 

drainage technology required less maintenance compared to greppels, gained land (greppels causing 5-

12% land surface loss) and bigger machines could be used because the modern underground drainage 

system could actively lower the water level in the field (Zander, 1963). All of this resulted in a higher 

yield for farmers.  

The increase of yield was motivated by Dutch politics at that time, the aim of high profitability 

got more and more important. Intensive use of the agricultural land was motivated by subsidies and 

investments (Van de Bergh, 2004). Between 1950 and 1980 the consolidation process that involved the 

reorganizations and redistribution of agricultural parcels took place, significantly changing the landscape. 

This process was called the ruilverkaveling, where agricultural land had turned into flat, large fields with 

deep underground drainage systems. By the end of the 20th century the majority of the greppelland in the 

northern landscape had disappeared, and thereby  the microrelief once formed by the greppels was lost 

(Van de Bergh, 2004; van Slochteren, 2021).  
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Besides the removal of greppels, other management practices changed too during this 

intensification process. Herb rich seed mixtures made place for a monoculture consisting of English 

ryegrass (Lolium perenne), a robust, protein-rich species. The soil is more disturbed because of the higher 

amount of plowing, mowing and harvesting. Instead of farmyard manure used in the extensively managed 

greppelland,  grasslands are fertilized by injecting slurry (liquid dairy cattle manure) into the soil. The 

soil is used as a substrate for maximum yield, rather than a foundation for a properly working ecosystem, 

with biodiversity loss as a consequence (Neeteson, 2000).  

 

Because greppels create small variances in height, they are forming a micro-relief in the landscape. As 

they drain water from the land in periods of high rainfall, but retain water or moisture in the greppels 

during drought, they create a gradient of moisture in the field. This functions as a valuable habitat for all 

kinds of species. One species group that is particularly influenced by soil moisture (and drought) are 

earthworms.  

Earthworms are eco-system engineers, which means that they play a crucial role in delivering 

numerous ecosystem services (Blouin et al., 2013; Lavelle et al., 2006). First of all, earthworms burrow 

channels and pores in the soil. Some species burrow small and temporary channels, while others make 

deeper, permanent ones. Earthworm burrowing activities contribute to the soil permeability, leading to 

improvement of the soil’s aeration and water infiltration. Secondly, earthworms take organic litter from 

the soil surface deeper into the soil, where they increase the soil organic matter (SOM) by further 

breaking down the plant material into available nutrients. Deeper in the soil other species of earthworms, 

geophages, feed on soil. By this process they mix the soil and more nutrients become available deeper in 

the soil (Edwards & Arancon, 2022). Thirdly, castings of earthworms consist of nitrogen, phosphorus, 

potassium, carbon and calcium, known as primary macronutrients for plant growth (Clements et al., 

1991). The calcium present in the earthworm castings act as a natural pH buffer, helping to maintain a 

more stable pH in the soil. Moreover, earthworms increase microbial diversity by releasing diverse 

microorganisms through castings and creating microhabitats. With an increased microbial diversity, 

nutrient cycling is improved and the soil microbiome has a higher resilience against diseases (Edwards & 

Arancon, 2022). Finally, besides contributing to a fertile soil, earthworms play a crucial role in the food 

chain. Serving as a key component in the food chain, forming a link between plant-based material and 

higher trophic predators. They form a food source for a variety of other animals in higher trophic levels, 

like birds, foxes and badgers (Laird et al., 1981). Therefore, a healthy earthworm population boosts the 

local above-ground biodiversity and ensuring healthy earthworm populations is therefore vital for both 

agriculture and nature (Blouin et al., 2013; Darwin, 1881; Macdonald, 1983; Van Groeningen et al., 

2015).  

Based on their behaviour, earthworm species can be divided into three different groups, see figure 

4 and 5 (Sanchez-Hernandez et al., 2023). These three ecotypes of earthworms (anecic, endogenic, and 

epigeic) differ significantly in various aspects such as phenotype, diet, habitat, and response to drought 

(Bouché et al.,1977). Anecic earthworms are typically larger, and have a darker pigmentation. They feed 

on surface litter and organic matter, creating vertical burrows that can reach deep into the soil. These 

burrows help them access moisture during dry periods, making them more resilient to drought conditions 

(Edwards & Arancon, 2022). Endogeic earthworms are generally smaller and paler in color, often light 

pink or gray. They live within the soil and feed on soil organic matter and mineral particles, creating 

horizontal burrows. Once the soil moisture reaches a critical level, it will extract water from the 

earthworm’s body, causing first their diapause. When endogenic earthworms enter the state of diapause, 
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they curl up in a knot to reduce the contact with the surrounding dry soil (figure 6) (Edwards & Arancon, 

2022; Holmstrup, 2001). Epigeic earthworms are usually small and often reddish-brown colored. They 

live near the soil surface and primarily consume decomposing organic matter. Due to their surface-

dwelling nature, epigeic earthworms are highly sensitive to drought and rely on moist conditions to 

survive. Therefore the epigeic earthworm strategy to avoid drought, is to form eggs protected in cocoons, 

which have a higher survivability than the active stage (Edwards & Arancon, 2022). Each group's distinct 

characteristics reflect their adaptations to different ecological niches and environmental conditions.  

Earthworms reproduce sexually, as they are hermaphrodites, meaning each worm has both male 

and female reproductive organs. During mating, two earthworms exchange sperm by aligning their bodies 

and secreting mucus from the clitellum. After mating, the clitellum produces a mucus cocoon, into which 

the fertilized eggs are deposited. The clitellum, a thick glandular band, is thus the important organ for the 

reproductivity of earthworms. Its presence indicates that the earthworm is mature and capable of 

reproducing (Edwards & Arancon, 2022). 

 

 

 
Figure 4, Schematic overview of the three different earthworm eco-types. Made in Biorender. 
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Figure 5, overview of the different earthworm ecotypes and their role in the ecosystem (Keith & Robinson, 2012). 

 

 

 
Figure 6, A. Caliginosa in diapause during drought, forming a knot (Friis et al., 2004). 

 

The management of agricultural grasslands affects earthworm communities in several ways. By altering 

the plant species for example, earthworm abundance and biomass reduces with less plant species richness 

(Eisenhauer et al., 2011; Milcu et al., 2008). High fertilizer input has been shown to reduce earthworm 

biomass and abundance compared to low fertilizer input. However, completely stopping the fertilization 

leads to long-term decrease in earthworm biomass and abundance (Bekker et al., 2006; Clements et al., 

1991; Timmerman et al., 2006). Anecic and epigeic earthworm species are more abundant in grasslands 

fertilized with farmyard manure than fields fertilized with slurry manure, while endogeic species are 

unaffected by the fertilization method (Onrust & Piersma, 2019). The cutting (typically 3–5 cm deep with 

slits 15–25 cm apart) of the topsoil to inject the slurry manure is disturbing the soil and reducing the 
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abundance of earthworm species living in the top of the soil (De Goede et al., 2003). Similarly, 

Timmermans et al. (2006) showed earthworm abundance decreased in grassland fertilized with slurry 

manure compared to grasslands fertilized with farmyard manure or not fertilized at all.  However, 

completely stopping fertilization in the long-term leads to a decrease in earthworm biomass and 

abundance (Bekker et al., 2006; Clements et al., 1991). Moreover, because of the importance of moisture 

on the survival of all earthworm species, the lowered water tables in intensive agricultural practices 

decrease earthworm activity (Carroll et al., 2011; Onrust et al., 2019).  

Aim of the research 

The exact relationship between greppels and earthworm populations remains unclear. Because 

extensively managed greppelland typically differs from intensively managed fields, not just in drainage 

systems but also in other practices such as fertilization, mowing and vegetation diversity, makes it 

challenging to determine the direct effect of greppelland on earthworm populations itself. This study tries 

to address this knowledge gap by setting up an in situ experiment mapping the earthworm population 

within the greppelland itself, and a comparison to intensive managed fields. The main question here is: 

How does the microrelief of the greppelland affects earthworm abundance and reproductivity? Due to 

their difference in ecology, we try to answer these questions for epigeic, endogeic and anecic species 

separately. To answer these questions, different variables were measured over the timespan of the 

meadow bird breeding season in Friesland (March to June). Comparing earthworm abundance, knot-

forming and reproduction between greppelland and intensively managed grasslands and within 

greppelland itself.  

Hypothesis 

In early spring, higher rainfall can keep soil moist in both extensively managed greppelland and 

intensively managed fields. However, as rainfall decreases and temperature rises later in spring, 

intensively managed fields with underground drainage systems will dry out more quickly compared to the 

greppelland where water is retained (figure 7) (Carroll et al., 2011; Onrust et al., 2019). This will have a 

negative effect on the overall abundance and reproductivity of earthworms. Because of the different 

earthworm strategies to survive drought, abundance is expected to be dependent on the ecotype of the 

earthworm. Because of their robustness against drought, endogeic and anecic species are expected to still 

be present in the dry part of the season. In contrast, epigeic species are more sensitive to drought, 

therefore these species are expected to have a lower abundance as the season processes, especially in the 

intensive field type. As earthworms are capable of some degree of habitat selection (Caro et al., 2012; 

Eijsackers, 2011; Kim et al., 2017), we expect an overall higher abundance and reproductivity nearer to 

the wetter locations within the greppelland in the dry part of the season. Particularly for the drought-

sensitive epigeic species, this greppel could be beneficial for their survival (Edwards & Arancon, 2022).  
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Figure 7, schematic overview of the water level in the different field types. With A) representing the wet part of the season, and 

B) representing the dry part of the season. 
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Materials & Methods 

Study area  

The observation period took place from March 20 to June 30 in the year 2023, coinciding with the 

meadow bird breeding season in the Netherlands. We gathered data from six parcels within a dairy farm 

located in the hamlet of Scharneburen, situated in Southwest of Friesland (52°59'43.2"N 5°26'08.2"E) 

(figure 8). This area is characterized by loamy soil, with a clay content ranging from 17,5% to 25%. Soil 

composition becomes progressively clayier towards the East, while the western side tends to be slightly 

sandier (Bodemdata, n.d.). Summer and winter water levels in the surrounding ditches are regulated by a 

nearby pumping station, maintaining consistent water levels across the area (S. Sterkenburgh, personal 

communication, June 30, 2023). For this study we examined a total of six parcels, half of which are 

intensively managed grassland (I1, I2, I3), while the remaining three fields are historical greppelland (G1, 

G2, G3) (figure 9). 

 

 
Figure 8, Location of the research area. 
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Figure 9, Overview of the different parcels with transects. 

 

Water regulation in the greppelland is regulated via a greppel system, with ceramic pipes. These greppel 

fields are ancient, their exact date of origin remains unknown. Due to the historic nature of these fields, 

the vegetation naturally reseeds itself, resulting in a variety of plant species. Parcels G1 and G3 were 

fertilized with farmyard manure. And G1 was grazed by calves from June 16 onward. Mowing in these 

fields was postponed until June 15. In field G2 a solar powered pump is installed to create wetland. The 

selected intensively managed fields comprised a monoculture of english ryegrass (Lolium perenne), 

where water is regulated by an underground drainage system. The intensive fields were fertilized with 

injected slurry. Starting from May 30, cows grazed alternating parts of the intensive grassland. The first 

mowing of these grasslands took place around May 11 (S. Sterkenburgh, personal communication, June 

30, 2023).  

 

To answer the research question, abundance of different earthworm species is monitored in greppelland 

parcels biweekly. As a comparison this same monitoring scheme is conducted to intensively managed 

agricultural grasslands. Per field we took soil samples along three transects that encompass the variability 

within the parcel (table A1) (figure 9). Each transect comprises three locations, reflecting the differences 

in slope height within the greppelland. This entailed placing one location at the top of the eker, another 

halfway towards the greppel, and the last one near to the greppel itself (figure 10). Similar distances 

between locations were maintained in the intensive fields. Consequently, we have parallel datasets for 

both the greppelland and the intensive fields within this study.  
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Figure 10, Schematic overview of the different locations within a greppelland transect. 

 

Study species  

Per point we took a 20 x 20 x 20 centimeter soil sample with a shovel. The top 10 centimeter was 

separated from the lower 10 centimeter. Per layer, all earthworms were collected by hand and taken to the 

field station. In the field, we counted the earthworms that formed a knot. We identified the earthworms 

alive to genus level and, if possible to species level. Per sample and per species, we counted the 

abundance and number of earthworms with a clitellum. The earthworm species were categorized into 

three ecological groups (Barois et al., 1999), see table 1. The fraction of fertile earthworms was calculated 

by dividing the total number of earthworms with the total number of earthworms with a clitellum in a 

sample. The fraction of earthworms in diapause was calculated by dividing the total number of 

earthworms with the total number of earthworms forming a knot in a sample. To determine the abundance 

of earthworms per square meter, the following calculation was used.  
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Table 1, The earthworm species found in this research, classified per ecotype. 

 
 

Environmental measures 

Per point, the moisture percentage of the soil was measured in triplo using a soil moisture sensor (models: 

SM150T, Delta-T Devices Ltd and Delta-T Devices Ltd, 2016). Measurements were conducted both at 

the soil surface (SM top) and at a depth of 10 cm (SM Bottom). This approach was adopted since it is 

hypothesized that the soil moisture readings at the top soil may be influenced by factors such as heavy 

rainfall or drought, potentially leading to more extreme values. Therefore, deeper soil measurements are 

suggested to provide a more reliable estimate of soil moisture percentages over an extended period in the 

field.  

To show the change in rainfall during the meadow bird breeding season in 2023 at our study site, 

we gathered the precipitation deficit from the Koninklijk Nederlands Meteorologisch Instituut (KNMI), 

location 267: Stavoren (Dagwaarden Van Weerstations, KNMI). Precipitation deficit is a measure of 

drought that takes both precipitation and potential evaporation (evaporation and transpiration from plants) 

into account. Thereby refers precipitation deficit to the shortfall in the amount of precipitation in a period, 

measured in millimeters.  
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Statistical analysis 

To analyze earthworm dynamics over time, the season was divided into three periods: Early (Julian Date 

79 -104), Mid (Julian Date 114-137), and Late (Julian Date 157-181).  

All statistical analyses were performed in R (v4.3.1, 16-06-2023) (R Core Team, 2023). The 

‘tidyverse’ package (v2.0.0) (Wickham et al., 2019) and the ‘dplyr’ package (v1.1.2) (Wicham et al., 

2023) were used for organizing and structuring the data. We ran generalized linear mixed models (glmm) 

with the ‘glmmTMB’ package (v1.1.8) (Brooks et al., 2023), with different distributions (table 2). To 

explore the correlation between the predictor variables and the response variable we used the standard 

summary function from R and Post Hoc test from ‘emmeans’ package (v1.8.7) (Lenth, 2023). For the 

seasonal field description soil moisture content was used as the response variable. Between field types 

and within greppelland we tested multiple response variables: abundance (total and per ecotype) per 

square meter, reproductive earthworms and earthworms in diapause.  

Due to the strong negative correlation between soil moisture and the progression of the season, it 

was not feasible to include both soil moisture and seasonal progression in our model. Given our focus on 

the trend of worm populations during the breeding season, we opted to include time in the model instead 

of soil moisture. We assume that the decline in worm numbers over time is driven by, or at least 

correlated with, the decrease in soil moisture. 

All full models were stepwise reduced by removing a non-significant predictor variable and 

comparing models using the Akaike’s information criterion (AIC). Where models with the lowest AIC, 

representing the model with the lowest information loss, were selected (Burnham et al., 2011). If the 

difference between models was above the threshold of ∆7 AIC, we followed the rule of parsimony and 

selected the simplest model (Burnham et al., 2011).  
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Table 2, Overview of the final models used, including response variables, significant fixed effects, random effects and the 

distribution family.  

 Response variable Fixed effects Random effect Family link 

Field descriptions 

Soil moisture (%) JD + Field type FieldID Tweedie 

Soil moisture (%) JD + Point FieldID Negative binomial 

Between field types 

Abundance / m2  Field type * Period FieldID Negative binomial  

Reproductive earthworms Field type * Period FieldID Beta binomial 

Earthworms in knot (late period) Field type FieldID Beta binomial 

Abundance (ecotype)  / m2  Field type + Period FieldID Negative binomial 

Within greppelland 

Abundance / m2  Field type * Period FieldID Negative binomial  

Reproductive earthworms Field type * Period FieldID Beta binomial 

Earthworms in knot (late period) Field type FieldID Beta binomial 

Abundance (ecotype) / m2  Field type + Period FieldID Negative binomial 

Moisture  

Abundance / m2 Soil moisture (%) * Field type FieldID Negative binomial 

Reproductive earthworms Soil moisture (%) * Field type FieldID Beta binomial 
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Results 

Seasonal description 

To show the change in rainfall during the meadow bird breeding season in 2023 at our study site, we 

gathered the precipitation deficit from the Koninklijk Nederlands Meteorologisch Instituut (KNMI), 

location 267: Stavoren (KNMI, n.d.). Precipitation deficit refers to the shortfall in the amount of 

precipitation, measured in millimeters (mm), relative to the expected norm over a given period. A positive 

deficit indicates drier conditions than usual, while a negative value suggests wetter conditions. As shown 

in figure 11, the x-axis represents time in Julian Dates, which counts days sequentially throughout the 

year. Julian Date 100 corresponds to April 10,  and Julian Date 180 is June 29. As observed in the graph, 

the deficit increases progressively as the season advances, indicating a decline in precipitation. This trend 

highlights the increasingly dry conditions towards the end of the breeding season. 

 

 
Figure 11, Precipitation deficit in millimeters over the season (KNMI, Dagwaarden Van Weerstations, location location 267: 

Stavoren). 
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The graph in figure 12 represents the soil moisture percentage over time, measured in the two different 

field types: greppelland and intensively managed grassland. Both trends exhibit a peak in soil moisture 

around Julian Date 106 (April 16). followed by a significant decline as time progresses (β=-0.017, 

SE=0.001, z=-13.108, p<0.001, table A6). Overall, the soil moisture percentages are lower in intensive 

fields compared to the greppelland (β=-0.28, SE=0.037, z=-7.565, p<0.001, table A6).  

 
Figure 12, Soil moisture percentage measured in both field types over the season.  
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The graph in figure 13 depicts the soil moisture percentage over time (Julian Date) at the three different 

locations within the greppelland (eker, middle and greppel). The soil moisture starts at approximately 

60% for all three locations and exhibits a similar trend over time: an initial slight increase followed by a 

decline.  

Overall the soil moisture percentage is decreasing while time progresses (β=-0.017, SE=0.001, 

z=-19.268, p<0.001, table A7). Where the location the nearest to the greppel consistently shows higher 

soil moisture compared to the other locations in the field (β=0.199, SE=0.062, z=3.186, p=0.001, table 

A7).  

 

Figure 13, Soil moisture percentage for the different locations within the greppelland. 
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Between greppelland and intensive field 

In both field types, the abundance of earthworms per square meter decreases as the season progresses 

(figure 14), but this decline is stronger in intensively managed grassland than in greppelland (β=-0.65, 

SE=0.15, z=-4.39, p<0.001, table A9).  

In greppelland, there is no significant difference in earthworm abundance between the early and 

middle period, but there is a significant decrease from the early or mid to the late period (table A11). In 

intensively managed grassland however, there is already a significant decrease from the early to the 

middle period, as well as from the middle to the late period (table A11).  

Moreover, in the early period of the meadow bird breeding season, there is no significant 

difference in earthworm abundance in greppelland and intensively managed fields (table A10). However, 

in the middle period, there are more earthworms in greppelland than in intensively managed grasslands 

but the difference is not significant yet (table A10). In the late period, the difference in earthworm 

abundance between the field types increases and becomes significant (β=0.79, SE=0.22, z=3055, 

p<0.001, table A10). 

 

 
Figure 14, Earthworm abundance per square meter over the season for different field types. 
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When dividing the abundance of earthworms per square meter into the three different ecotype groups, we 

can observe differences in abundance between the greppel- and intensive fields for the ecotypes epigeic 

and endogeic earthworms (figure 15 and 16). For the anecic ecotype a general decline over the season was 

found, but no difference between field types (table A15).  

 When testing the epigeic earthworm group, again, an overall decline in abundance per square 

meter was observed over time, which was stronger in the intensive fields (β=-0.85, SE=0.34, z=-2.48, 

p=0.013, table A16) (figure 15). Additionally, intensively managed grasslands showed a significantly 

lower epigeic earthworm abundance in both the mid (β=0.92, SE=0.29, z=3.17, p=0.002, table A17) and 

late (β=1.34, SE=0.29, z=4.55, p<0.001, table A17) period of the season, compared to the greppelland. 

 In the endogeic earthworm group, a stronger overall decline over time was found in the intensive 

field type (β=-0.68, SE=0.17, z=-4.01, p<0.001, table A19) (figure 16). In the late part of the season, less 

endogeic earthworms are found in intensive grassland compared to greppelland  β=0.73, SE=0.28, 

z=2.59, p=0.01, table A20) (figure 16).  

 

 
Figure 15, Abundance per square meter for epigeic earthworms over the season. 
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Figure 16, Abundance per square meter for endogeic earthworms over the season. 
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The amount of earthworms found in a state of diapause, forming a knot, were only present in the late 

period of the season. Comparing the fraction of earthworms in a knot in this period, shows that there are 

significantly more earthworms in diapause found in the intensively managed grasslands (β=1.98, 

SE=0.68, z=2.9, p=0.004, table A14) (figure 17).   

 

 
Figure 17, The fraction of earthworms which formed a knot in the late period of the season for different field types.  
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In both field types, the proportion of reproductive earthworms is decreasing over the season, but this 

decline is stronger in intensively managed grassland than in greppelland (β=-1.26, SE=0.35, z=-3.62, 

p<0.001, table A12) (figure 18).  

Between greppelland and intensive fields, there is no difference in the proportion of reproductive 

earthworms in the early and mid-season (table A14), but in the late period, a significantly higher 

proportion of fertile earthworms is found in greppelland (β=1.65, SE=0.39, z=4.22, p<0.001, table A14).   

In greppelland, there is no difference in the proportion of reproductive earthworms between the 

early and mid period of the season or between the early and late period (table A13), but a significant 

difference is observed between the mid and late season (β=-0.63, SE=0.15, z=-4.17, p<0.001, table A13), 

suggesting a slight peak in earthworm reproductivity during the mid-season. In intensive fields, no 

difference is observed between the early and mid period of the season (table A13), but there is a 

significant decrease in the proportion of reproductive earthworms in the late period compared to the mid 

period of the season (β=-1.84, SE=0.32, z=-5.83, p<0.001, table A13).  

 

 

 
Figure 18, The fraction of reproductive earthworms over the season for different field types. 
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Within greppelland  

Now we zoom in to the different locations within the greppelland itself: the eker, the middle and the 

location nearest to the greppel. Although there is a overall decline in earthworm abundance per square 

meter over time (β=-0.88, SE=0.10, z=-8.57, p<0.001, table A23), there is no significant difference 

between the locations within the greppelland (table A23) (figure 19).   

 

 
Figure 19, Earthworm abundance per square meter for different locations within the greppelland over the season. 
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For all earthworm ecotypes, a lower abundance per square meter was observed in the late part of the 

season compared to earlier periods (tables A30, A32 and A34). There was no significant difference in 

anecic and endogeic earthworm abundance between the different locations within the greppelland (tables 

A30 and A34). Although we measured a higher epigeic earthworm abundance in the mid and late parts of 

the season for the location the closest to the greppel, this difference was not statistically significant (table 

A32) (figure 20). 

 

 
Figure 20, Abundance per square meter of epigeic earthworms for different locations within the greppelland over the season. 
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There were less earthworms in diapause, forming a knot, found at the location closest to the greppel in the 

late part of the season, but no significant difference between the other locations within the greppelland 

(table A28 and A29) (figure 21).  

 

 
Figure 21, Proportion of earthworms in knot for different locations within the greppelland for the late period of the season. 
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Within the greppelland, the fraction of reproductive earthworms is better maintained throughout the 

season at the location the closest to the greppel (β=1.06, SE=0.37, z=2.83, p=0.005, table A25) (figure 

22). In the mid part of the season this difference is significantly shown in comparing the greppel location 

to the middle location (β=-0.05, SE=0.21, z=-2.40, p=0.043, table A26). In the late part of the season, this 

difference is seen in comparing both the middle location (β=-0.77, SE=0.29, z=-2.63, p=0.023, table A26) 

and the eker location (β=-0.83, SE=0.30, z=-2.76, p=0.016, table A26) to the location the nearest to the 

greppel.  

 

 
Figure 22, Proportion of reproductive earthworms for different locations within the greppelland over the season. 
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Earthworms and moisture 

The graph below depicts the positive correlation between soil moisture and the abundance of earthworms 

per square meter (β=0.016, SE=0.002, z=8.66, p<0.001, table A36) (figure 22). This correlation varies 

across different management practices, the effect of soil moisture content on earthworm abundance is 

stronger within the intensive field type (β=0.023, SE=0.003, z=7.22, p<0.001, table A36).  

 

 
Figure 22, Earthworm abundance per square meter plotted against soil moisture percentage of the soil. 
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In addition, we can see a positive correlation between soil moisture and the proportion of reproductive 

earthworms (β=0.01, SE=0.003, z=5.24, p<0.001, table A37) (figure 23). This correlation varies between 

the different field types, the effect of soil moisture content on the proportion of reproductive earthworms 

is stronger within the intensive field type (β=0.03, SE=0.007, z=3.85, p<0.001, table A37).   

 
Figure 23, Proportion of reproductive earthworms plotted against soil moisture percentage of the soil. 
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Discussion  

Earthworm population trends between greppelland and intensive fields 

In this study, we showed that the decline of earthworm abundance throughout the meadow bird breeding 

season in Friesland is stronger in intensively managed grassland than in greppelland. This aligns with 

expectations, as intensively managed fields with underground drainage systems dry out more quickly 

when rainfall decreases and temperatures rise in spring, compared to greppelland where water is retained 

(Carroll et al., 2011; Onrust et al., 2019).  

The correlation between earthworm survival and drought has been highlighted in several studies 

(Evans & Guild, 1947; Potvin & Lileskov, 2016; da Silva et al., 2020; Walsh et al., 2019; Wood, 1974). 

As earthworms are highly dependent on moisture for survival, they adopt different strategies as the soil 

dries out during the season. Depending on their ecotype, earthworms may adopt various strategies, such 

as digging deeper (anecic), entering diapause (endogeic), or producing cocoons (epigeic), providing a 

higher survival rate during drought conditions (Edwards & Arancon, 2022).  

In our study, intensively managed grasslands exhibited a significantly lower abundance of epigeic 

earthworms in both the mid and late periods of the season compared to greppelland, suggesting that in 

intensively managed fields, this ecotype is either dead or in the cocoon stage from the mid-season 

onward. Since the epigeic ecotype is living on the soil surface, which will dry up the fastest, especially in 

intensive fields (Onrust, 2019), this is a logical outcome. 

Endogeic earthworm species in diapause, forming a knot, were significantly more abundant in the 

dry, late part of the season in intensive fields compared to greppelland, where fewer endogeic earthworms 

were experiencing drought stress. Furthermore, in the late season, a lower number of endogeic 

earthworms were found in the intensive fields, indicating that not all earthworms in diapause survived the 

prolonged drought. McDaniel et al. (2013) showed in a laboratory experiment that A. caliginosa 

individuals could survive for two weeks in diapause, but after three weeks 14% of the population died. 

This could mean that part of the endogeic earthworms in intensive fields did not survive in diapause 

during the prolonged drought period.   

Anecic earthworm species are known for their ability to burrow deeper into the soil to survive 

periods of drought (Edwards & Arancon, 2022). In our study, we observed a significant decline in their 

numbers towards the end of the season, in both of the field types, with almost no individuals remaining. 

This suggests that the anecic worms may have burrowed deeper than the 20 cm depth of our sampling 

range.  

In the late, driest part of the season, a higher proportion of fertile earthworms was found in 

greppelland, which aligns with studies indicating that soil moisture significantly influences earthworm 

fecundity. Specifically, decreased moisture levels lead to the production of fewer and lighter cocoons 

(Evans & Guild, 1948). Additionally, research by Holmstrup (2001) revealed that low soil moisture 

adversely affects cocoon production, growth, and development in the earthworm A. caliginosa. In our 

study, we observed a decrease in the proportion of reproductive earthworms with decreasing soil moisture 

content, with this decline being more pronounced in intensive fields than in greppelland. This could be 

attributed by the decline of soil moisture content being stronger in the intensive field throughout the 

season or additional factors present in this field type. Such as soil pH and the availability of organic 

matter, both of which can negatively impact earthworm health (Edwards & Arancon, 2022).  
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Earthworm population trends within greppelland 

Within the greppelland, the location closest to the greppel retains more moisture throughout the season 

compared to the other locations. We hypothesized a higher earthworm abundance near the greppel in the 

dry part of the season, however, this was not supported by the results. In the late season, there was a 

decline in earthworm numbers across all locations, which may indicate that all the locations within the 

greppelland did provide a moderate habitat, reducing the need for earthworms to conduct a drought 

survival strategy. This is also supported by the results of earthworms in diapause, which is not 

significantly lower in the location closer to the greppel.   

Despite the overall decline in earthworm abundance during the late part of the season, those 

found at the location near the greppel show a significantly higher proportion of reproductive individuals. 

This suggests that earthworms are able to retain a longer fertility period in moist conditions, as moisture 

is essential for successful mating between earthworms (Edwards & Arancon, 2022). Another possible 

explanation is that in the drier areas of the field, earthworms may take longer to reach maturity due to less 

favorable conditions (Edwards & Arancon, 2022; Murchie, 1960). To investigate this phenomenon 

further, laboratory studies could focus on different earthworm species to examine their reproductive 

strategies under drought conditions, to precisely answer the question why the greppel is so important for 

earthworm reproduction in dryer periods.   

Importance of greppelland in the agricultural landscape 

Fewer functional earthworms during dry periods create various problems for soil health and the food web. 

When epigeic earthworms only exist in cocoon stage, they no longer serve as a food source for higher 

trophic levels and do not contribute to the accumulation of soil organic matter (Blouin, 2013; Onrust et 

al., 2019). Additionally, the endogeic earthworms tangled up in knots during diapause are much harder 

for meadow birds to access, as they are enclosed in soil cells. And when anecic earthworms burrow 

deeper into the soil, it will make them inaccessible to the foraging beaks of meadow birds. These latter 

ecotypes also play crucial roles in promoting healthy soil by supporting nutrient cycling, enhancing 

moisture retention, and improving soil structure (Blouin, 2013; Edwards & Arancon, 2022; Sanchez-

Hernandez et al., 2023). 

After prolonged droughts, such as those observed in Dutch agricultural grasslands, earthworm 

populations require time to recover before they can resume their essential ecosystem functions. Wet areas 

within the field are crucial for this recovery as earthworms can migrate to these more favorable spots 

when conditions elsewhere become less favorable (Mathieu et al., 2010). Endogeic earthworms can only 

survive in diapause for up to three weeks (McDaniel et al., 2013; Roots, 1956), and epigeic earthworm 

cocoons require moisture to be produced and developed (Edwards & Arancon, 2022; Evans & Guild, 

1948; Holmstrup, 2001; Owojori & Reinecke, 2010). Especially for population recovery, the presence of 

reproductive earthworms near greppels, during dry periods, is important.  

Protecting the still existing historical greppelland and reintroducing greppels in agricultural 

grasslands could provide a sustainable solution for earthworm functionalities. Allowing earthworm 

ecotypes to recover from drought more effectively, maintaining their essential soil functions, and 

sustaining their vital role in the food web. Further research could explore the optimal type of greppel that 

balances the needs of both farmers and meadow birds, ensuring it supports agricultural productivity while 

benefiting biodiversity. Once viewed primarily as a tool for irrigating lowland grasslands, greppels could 

now be recognized as a natural solution that enhances biodiversity, boosts soil fertility, and supports 
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conservation efforts. This multifunctional approach makes greppels not only valuable historical landscape 

features but also a key component of effective farming practices.  
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Appendix 

Table 1, Location overview of transects across the research fields. 

Field Transect GPS coördinates 

G1 1 52°59'50.4"N 5°26'37.6"E 

2 52°59'50.7"N 5°26'29.9"E 

3 52°59'51.3"N 5°26'22.7"E 

G2 1 52°59'48.2"N 5°26'37.6"E 

2 52°59'48.4"N 5°26'26.2"E 

3 52°59'48.7"N 5°26'19.2"E 

G3 1 52°59'44.5"N 5°26'20.9"E 

2 52°59'45.0"N 5°26'17.8"E 

3 52°59'46.1"N 5°26'14.6"E 

I1 1 52°59'31.8"N 5°26'23.6"E 

2 52°59'34.9"N 5°26'20.7"E 

3 52°59'37.7"N 5°26'17.4"E 

I2 1 52°59'36.4"N 5°26'12.7"E 

2 52°59'38.0"N 5°26'09.5"E 

3 52°59'39.0"N 5°26'07.9"E 

I3 1 52°59'37.6"N 5°26'38.4"E 

2 52°59'39.8"N 5°26'32.3"E 

3 52°59'41.4"N 5°26'26.0"E 
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Table 2, Overview of the final models used to compare soil moisture content between greppelland and intensive field and within 

greppelland. Including response variables, significant fixed effects, random effects and the distribution family.  

1 Response variable Fixed effects Random effect Family link 

A Soil moisture (%) JD + Field type FieldID Tweedie 

B Soil moisture (%) JD + Point FieldID Negative binomial 

 

Table 3, Overview of models used to compare earthworm populations between greppelland and intensive grassland, including 

response variables, significant fixed effects, random effects and the distribution family. 

2 Response variable Fixed effects Random effect Family link 

A Abundance / m2  Field type * Period FieldID Negative binomial  

B Reproductive 
earthworms 

Field type * Period FieldID Beta binomial 

C Earthworms in knot 
(late period) 

Field type FieldID Beta binomial 

D anecic Abundance / m2  Field type + Period FieldID Negative binomial 

D epigeic Abundance / m2  Field type + Period FieldID Negative binomial 

D endogeic Abundance / m2  Field type + Period FieldID Negative binomial 

 

Table 4, Overview of models used to compare earthworm populations within greppelland, including response variables, 

significant fixed effects, random effects and the distribution family. 

3 Response variable Fixed effects Random effect Family link 

A Abundance / m2  Period FieldID Negative binomial  

B Reproductive 
earthworms 

Point * Period FieldID Beta binomial 

C Earthworms in knot 
(late period) 

Point FieldID Beta binomial 

D anecic Abundance / m2  Point + Period FieldID Negative binomial 

D epigeic Abundance / m2  Point * Period FieldID Negative binomial 

D endogeic Abundance / m2  Point * Period FieldID Negative binomial 

 

Table 5, Overview of the final models used to test the effect of soil moisture content on earthworm population. Including response 

variables, significant fixed effects, random effects and the distribution family.  

4 Response variable Fixed effects Random effect Family link 

A Abundance / m2 Soil moisture (%) * 
Field type 

FieldID Negative binomial 

B Reproductive 
earthworms 

Soil moisture (%) * 
Field type 

FieldID Beta binomial 
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Table 6, Parameter estimates of the generalized linear model with tweedie family, analyzing the effect of field type (greppelland 

or intensively managed grassland) and time (Julian Date) on the soil moisture content. Field type greppelland is used as the 

intercept. Results of the best model are shown, and significant predictors are marked in bold.  
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Table 7, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of location 

within the greppelland (eker (A), middle (B) and greppel (C)) and time (Julian Date) on the soil moisture content. The eker 

location is used as the intercept. Results of the best model are shown, and significant predictors are marked in bold. 
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Table 8, Post-hoc tests for model 1B, using the emmeans package with pairwise comparisons between within greppelland 

locations. 
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Table 9, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of field type 

(greppelland or intensively managed grassland) and the period in of sampling (early, mid or late in the meadow bird breeding 

season) on the abundance of earthworms per square meter. Abundance in greppelland in the early sampling period is used as the 

intercept. Results of the best model are shown, and significant predictors are marked in bold.  
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Table 10, Post-hoc tests for model 2A, using the emmeans package with pairwise comparisons between field types within each 

period. 

 

 

 

Table 11, Post-hoc tests for model 2A, using the emmeans package with pairwise comparisons between periods within each field 

type.   
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Table 12, Parameter estimates of the generalized linear model with beta binomial family, analyzing the effect of field type 

(greppelland or intensively managed grassland) and the period in of sampling (early, mid or late in the meadow bird breeding 

season) on the reproductive earthworms. Reproductive earthworms in greppelland in the early sampling period is used as the 

intercept. Results of the best model are shown, and significant predictors are marked in bold.  
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Table 13, Post-hoc tests for model 2B, using the emmeans package with pairwise comparisons between periods within each field 

type. 

 
 

 

Table 14, Post-hoc tests for model 2B, using the emmeans package with pairwise comparisons between field types for different 

periods.  
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Table 15, Parameter estimates of the generalized linear model with beta binomial family, analyzing the effect of field type 

(greppelland or intensively managed grassland) and the period in of sampling (early, mid or late in the meadow bird breeding 

season) on the earthworms in knot. Earthworms in knot in greppelland is used as the intercept. Results of the best model are 

shown, and significant predictors are marked in bold.  
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Table 16, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of field type 

(greppelland or intensively managed grassland) and the period in of sampling (early, mid or late in the meadow bird breeding 

season) on the anecic ecotype. Anecic earthworms in greppelland in the early sampling period is used as the intercept. Results of 

the best model are shown, and significant predictors are marked in bold.
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Figure 1, Abundance per square meter for anecic earthworms between field types over the season.  
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Table 17, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of field type 

(greppelland or intensively managed grassland) and the period in of sampling (early, mid or late in the meadow bird breeding 

season) on the epigeic ecotype. Epigeic earthworms in greppelland in the early sampling period is used as the intercept. Results 

of the best model are shown, and significant predictors are marked in bold.
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Table 18, Post-hoc tests for model 2D epigeic, using the emmeans package with pairwise comparisons between field types within 

each period.  

 
Table 19, Post-hoc tests for model 2D epigeic, using the emmeans package with pairwise comparisons between periods within 

each field type.  
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Table 20, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of field type 

(greppelland or intensively managed grassland) and the period in of sampling (early, mid or late in the meadow bird breeding 

season) on the endogeic ecotype. Endogeic earthworms in greppelland in the early sampling period is used as the intercept. 

Results of the best model are shown, and significant predictors are marked in bold.
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Table 21, Post-hoc tests for model 2D endogeic, using the emmeans package with pairwise comparisons between field types 

within each period. 

 
 

 

Table 22, Post-hoc tests for model 2D endogeic, using the emmeans package with pairwise comparisons between periods within 

each field type. 
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Table 23, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of location 

within greppelland (eker (A), middle (B) and greppel (C)) and the period in of sampling (early, mid or late in the meadow bird 

breeding season) on the abundance of earthworms per square meter. Abundance in the eker location is used as the intercept. 

Results of the best model are shown, and significant predictors are marked in bold. 
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Table 24, Post-hoc tests for model 3A, using the emmeans package with pairwise comparisons between periods.  
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Table 25, Parameter estimates of the generalized linear model with beta binomial family, analyzing the effect of location within 

the greppelland (eker (A), middle (B) and greppel (C)) and the period in of sampling (early, mid or late in the meadow bird 

breeding season) on the reproductive earthworms. Reproductive earthworms in teh eker location in the early sampling period is 

used as the intercept. Results of the best model are shown, and significant predictors are marked in bold. 
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Table 26, Post-hoc tests for model 3B, using the emmeans package with pairwise comparisons between locations within 

greppelland for each period. 

 
 

 

Table 27, Post-hoc tests for model 3B, using the emmeans package with pairwise comparisons between each period for the 

locations within greppelland.   
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Table 28, Parameter estimates of the generalized linear model with beta binomial family, analyzing the effect of location within 

the greppelland (eker (A), middle (B) and greppel (C)) and the period in of sampling (early, mid or late in the meadow bird 

breeding season) on the earthworms in knot. Earthworms in knot in greppelland is used as the intercept. Results of the best 

model are shown, and significant predictors are marked in bold. 
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Table 29, Post-hoc tests for model 3C, using the emmeans package with pairwise comparisons between locations within 

greppelland.  
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Table 30, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of location 

within the greppelland (eker (A), middle (B) and greppel (C)) and the period in of sampling (early, mid or late in the meadow 

bird breeding season) on the anecic ecotype. Anecic earthworms in the early sampling period is used as the intercept. Results of 

the best model are shown, and significant predictors are marked in bold.
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Table 31, Post-hoc tests for model 3D anecic, using the emmeans package with pairwise comparisons between periods within 

greppelland. 

 
 

 

 

 

 
Figure 2, Abundance per square meter for anecic earthworms within greppelland over the season.  
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Table 32, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of location 

within the greppelland (eker (A), middle (B) and greppel (C)) and the period in of sampling (early, mid or late in the meadow 

bird breeding season) on the epigeic ecotype. Epigeic earthworms in the early sampling period is used as the intercept. Results of 

the best model are shown, and significant predictors are marked in bold. 
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Table 33, Post-hoc tests for model 3D epigeic, using the emmeans package with pairwise comparisons between periods within 

greppelland.  
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Table 34, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of location 

within the greppelland (eker (A), middle (B) and greppel (C)) and the period in of sampling (early, mid or late in the meadow 

bird breeding season) on the endogeic ecotype. Endogeic earthworms in the early sampling period is used as the intercept. 

Results of the best model are shown, and significant predictors are marked in bold. 
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Table 35, Post-hoc tests for model 3D endogeic, using the emmeans package with pairwise comparisons between periods within 

greppelland.  
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Figure 3, Abundance per square meter for endogeic earthworms within greppelland over the season.   
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Table 36, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of soil moisture 

content and field type (greppelland or intensively managed grassland) on earthworm abundance per square meter. Earthworm 

abundance in greppelland is used as the intercept. Results of the best model are shown, and significant predictors are marked in 

bold.
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Table 37, Parameter estimates of the generalized linear model with negative binomial family, analyzing the effect of soil moisture 

content and field type (greppelland or intensively managed grassland) on reproductive earthworms. Reproductive earthworms in 

greppelland is used as the intercept. Results of the best model are shown, and significant predictors are marked in bold.
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Figure 4, Soil moisture content for each field type over the season. 

 


