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Abstract 22 

1. Biodiversity loss from intensive agriculture poses a major threat to the long-term 23 

sustainability and resilience of food production systems. Sustainable land 24 

management practices, such as carbon farming, offer promising alternatives, but their 25 

biodiversity impacts and the most effective methods for detecting these impacts 26 

remain poorly understood. 27 

2. We surveyed 19 farms in boreal Finland to assess the effects of four carbon farming 28 

practices—cover crops, all-in mixes, adaptive grazing and ley mixtures—on plants, 29 

arthropods, nematodes and birds. We evaluated biodiversity responses using four 30 

alpha diversity metrics (abundance, species richness, Shannon diversity and Pielou’s 31 

evenness) and two beta diversity metrics (Bray–Curtis and Chi-square dissimilarity). 32 

3. Biodiversity responses were strongly context-dependent, varying by farming practice, 33 

taxonomic group and diversity metric. Abundance emerged as the most sensitive 34 

alpha metric across taxa, often detecting changes not reflected in community 35 

composition metrics. These findings suggest that abundance may serve as a useful 36 

early indicator of ecological change in managed landscapes. 37 

4. Arthropods were particularly responsive to adaptive grazing, while ley mix and 38 

adaptive grazing supported higher nematode abundances. All diversity metrics except 39 

species richness detected changes in at least one species group, practice or field status, 40 

but abundance consistently captured the broadest responses. 41 

5. Synthesis and applications. Carbon farming practices can support biodiversity when 42 

tailored to species group and context. Monitoring approaches that incorporate 43 

multiple metrics—and prioritise abundance as a sensitive and early indicator—can 44 

improve the detection of ecological responses to sustainable farming interventions. 45 

 46 
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Introduction 47 

The greatest global challenge of our time is to mitigate simultaneous climate change and 48 

biodiversity loss, both of which pose significant threats to the health of humans and 49 

ecosystems (Butchart et al., 2010, Seibold et al., 2019, Pecl et al., 2017). Agricultural 50 

practices are among the most significant drivers of these two interlinked processes (Raven & 51 

Wagner, 2021, Lal, 2004, Mena et al., 2020, Rigal et al., 2023, Yang et al., 2024). To alleviate 52 

the release of greenhouse gasses, particularly carbon dioxide CO2, and to increase carbon 53 

sequestration and storage to soil organic matter and plants, carbon farming practices have 54 

recently been implemented in many areas of the world (Bradford et al., 2019, Chenu et al., 55 

2019, Paustian et al., 2019). Carbon farming (and regenerative farming) consists of methods 56 

that increase vegetation cover (e.g., cropping season length, vegetation density, adaptive 57 

grazing of paddocks) and diversity (e.g., cover crops, inter-cropping, crop mixtures), amend 58 

soil to minimize disturbance (e.g., no-till planting), and increase soil organic matter (e.g., 59 

organic fertilizers, perennial cropping) (Mattila et al., 2022, Paustian et al., 2019, Teague & 60 

Kreuter, 2020). Given that these practices enhance vegetation diversity and green cover as 61 

well as minimize soil disturbance, they also have the potential to enhance biodiversity. 62 

However, knowledge on the realized impacts of carbon farming practices on biodiversity is 63 

scarce and mixed (Cozim-Melges et al., 2024). Furthermore, applying the limited existing 64 

knowledge to different soil and climate conditions can be challenging, as data collection has 65 

primarily focused on a few crop species in tropical and subtropical regions (Cozim-Melges et 66 

al., 2024).  67 

Major declines in terrestrial fauna—including birds (Rigal et al., 2023), 68 

arthropods (Seibold et al., 2019, Lacroix et al., 2017), amphibians and reptiles (Cordier et al., 69 

2021) — have been linked to agricultural land use, and there is an urgent need for agricultural 70 

management practices that enhance biodiversity (Pe'er et al., 2019). With agriculture covering 71 
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nearly 40% of global arable land (Ramankutty et al., 2018), identifying practices that support 72 

diverse taxonomic groups could unlock significant opportunities for biodiversity 73 

enhancement. However, different taxa may respond differently to given cultivation practice 74 

(Gabriel et al., 2010) and hence, assessment of biodiversity impacts of cultivation practices 75 

requires simultaneous measurement of responses across multiple taxa (Cozim-Melges et al., 76 

2024). 77 

Robust indicators are required for quantifying biodiversity responses to 78 

agricultural practices. Biodiversity in this context refers to the composition and structure of 79 

species communities, which can be characterized using a range of indices derived from 80 

species abundances and distributions. Alpha diversity describes variation within a community 81 

and includes basic metrics such as species richness—the number of species present—and 82 

abundance, the number of individuals in the community. Shannon’s diversity index (Shannon 83 

& Weaver, 1949) is widely used to incorporate both richness and evenness, while Pielou’s 84 

evenness index (Pielou, 1966) specifically quantifies how evenly individuals are distributed 85 

across species. Beta diversity, which compares species composition between communities, is 86 

commonly measured using Bray-Curtis dissimilarity (Ricotta & Podani, 2017), based on 87 

relative abundances, or Chi-square distance (Legendre & De Cáceres, 2013), which compares 88 

species occurrence matrices. Biodiversity can also be evaluated through indicator species 89 

whose presence or abundance is considered to reflects responses to critical features of the 90 

habitat (Birkhofer et al., 2018, Boetzl et al., 2023). While these metrics provide valuable 91 

insights into different dimensions of biodiversity, they vary in their capacity to detect shifts in 92 

species interactions under anthropogenic change (Morris et al., 2014). To understand the 93 

ecological importance of carbon farming for biodiversity, information is needed on multiple 94 

taxonomic groups and biodiversity metrics, at both local and regional scales.  95 
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The aim of our study was to test whether carbon farming practices differ in their 96 

biodiversity impacts and whether biodiversity indices vary their ability to detect responses 97 

across taxonomic groups. More specifically, we surveyed 19 farms located in Central and 98 

Southern Finland to compare the impacts of four carbon farming practices on plants, 99 

arthropods, nematodes, and birds. These taxonomic groups were selected for their ecological 100 

relevance. Plants form the foundation of biodiversity, comprising the majority of biomass 101 

(Díaz & Malhi, 2022) and serve as the base of food webs in agroecosystems (Bohan et al., 102 

2011, Price, 2002). Arthropods are highly diverse (Díaz & Malhi, 2022) and are well-known 103 

for their rapid responses to environmental changes (Ebeling et al., 2018). Birds are widely 104 

used in agroecological research as indicators of land-use change impacts (Butler et al., 2010). 105 

Nematodes contribute to nutrient recycling and to the regulation of microorganism 106 

populations in the soil having a significant role in the food web (Turbé et al., 2010, Yeates et 107 

al., 1993). Their community structure and functional responses have suggested to be used as 108 

bioindicators of soil health (Teshita et al., 2024). We then used four alpha diversity indices: 109 

abundance, species richness, Shannon’s index, Pielou’s evenness, and two beta diversity 110 

indices: Bray-Curtis dissimilarity, and Chi-square dissimilarity, to test which indices best 111 

describe change in diversity for each taxonomic group. For birds, we also tested whether we 112 

could assign indicator species for carbon farming fields using indicator species analysis. We 113 

found that the effects of carbon farming practices on both alpha and beta diversity were 114 

context-dependent, with the direction and magnitude of the effects varying among practices 115 

and across taxonomic groups. Jointly our results suggest that abundance index is the most 116 

sensitive index to be used in the biodiversity surveys at the farm scale and carbon farming 117 

practices differ in their biodiversity enhancement potential with adaptive grazing showing 118 

most impacts on arthropod taxa.  119 

 120 
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Material and Methods 121 

The Carbon Action experiment, initiated by the Baltic Sea Action Group, was set up by a 122 

network of 105 farms across Finland in the beginning of growing season in 2018 as a five 123 

year experiment to test how different carbon farming methods impact on carbon sequestration 124 

in fields (Mattila et al., 2022). We selected 19 farms from the set of 105 farms to be surveyed. 125 

The selected farms located in Southern and Central Finland represented four different carbon 126 

farming practices: under sown cover crops with a crop (caraway, pea, rye or oats; hereafter 127 

cover crop; 6 farms), ley mixture (5 farms), adaptive grazing aiming at maximizing carbon 128 

sequestration (hereafter adaptive grazing; 4 farms), and all-in (4 farms; Supplementary Fig 129 

S1). The farms selected for our study had applied one of the four carbon farming practices in 130 

a 1.5-hectare field plot since 2019 and adjacent to the plot with carbon farming methods was 131 

a control plot where a similar crop or pasture was grown following conventional farming 132 

practices. The all-in treatment was a combination of cover crops and locally tailored soil 133 

amendment practices (no tillage, subsoiling). Its control treatment involved the same crop, 134 

but without undersown cover crops or soil amendments. Adaptive grazing was a livestock 135 

management practice that used high stock density, frequent herd rotation, and long, adaptive 136 

plant recovery periods (Schmid et al., 2024). The control treatment for adaptive grazing was 137 

continuous grazing. In both adaptive grazing treatment and its control, the crop was a mixture 138 

of gramineous and leguminous species. In the control treatment for cover crops, the same 139 

crop (caraway, pea, rye or oats) was grown without an undersown cover crop. The control 140 

treatment for the ley mix included a maximum of three sown plant species. 141 

Biodiversity surveys  142 

We conducted three biodiversity surveys in the selected farms: bird surveys in May and July, 143 

vegetation and invertebrate (arthropods and nematodes) surveys in early July 2023. The 144 
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survey for vegetation and invertebrates was conducted within a 12 days’ time on 26 June – 7 145 

July 2023 and at each farm we sampled both the carbon farming treatment and the control 146 

plot. To assess the vegetation diversity within the field plots three one square meter grids 147 

were placed randomly to the fields and the vascular plants including the main crop within the 148 

grid were identified and their coverage was estimated. To measure arthropod diversity, we 149 

collected a suction sample using a leaf blower from each field plot from a 2-meter transect of 150 

vegetation selected by random. The suction sample was the collected to a plastic bag and 151 

cooled immediately to 5 °C, and in stored in -20 °C until the arthropods were identified. In 152 

the laboratory, the arthropods were identified to 10 taxonomic groups that represent three 153 

functional groups (predators or parasites including Acarina, Aranea, Hymenoptera, neutrals 154 

including Collembola, Coleoptera, Diptera, and herbivores including Aphidoidea, 155 

Heteroptera, Homoptera, Thysanoptera; the neutral group includes taxa with diffuse trophic 156 

level or presumably neutral relationship to plants) and individuals in each group were 157 

counted. Variation in topsoil nematode abundance and community composition was assessed 158 

by pooling four sub samples taken with four-meter distances using a soil drill from 0 to 4 cm 159 

depth. The soil samples were placed into a plastic bag and immediately cooled to 5 °C. In the 160 

laboratory, nematodes were extracted using wet funnels (Sohlenius, 1979) over 23h at room 161 

temperature + 1h with heating and light provided by 60W lamps 12 cm above the funnels. 162 

Total abundance was counted and a subsample of up to 50 nematodes were identified from 163 

formaldehyde-preserved samples to five trophic groups: herbivores, bacterivores, fungivores, 164 

omnivores, and predators based on their mouth parts (Yeates et al., 1993). To express 165 

nematode abundance as individuals per g of dry soil, soil water content of each sample was 166 

determined by drying ca. 10 g (FW) of homogenized soil for 24 h in +105°C and re-weighing 167 

the dry weight of samples. 168 
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  The bird survey was performed within a 10 days’ time in 2-12 May 2023. The 169 

bird survey was performed as point survey method in the carbon farming treatment and 170 

control fields between 4 and 9 am. Briefly, the surveyor walked a transect line through the 171 

field and in 350-meter interval the surveyor identified and counted for 10 minutes time all 172 

birds present within 50-meter radius. To understand whether the carbon farming practices 173 

impact on field birds that nest in the fields (hereafter called field birds), we assigned the 174 

observed birds to field species and non-field species based on farmland bird classification in 175 

Vepsäläinen (2007).    176 

 177 

Statistical analyses 178 

Here, we use alpha diversity when referring to local diversity indices abundance, species 179 

richness and diversity and beta diversity when referring to Bray-Curtis dissimilarity and Chi-180 

square dissimilarity but please see Tuomisto (2010) for further discussion on terminology. We 181 

used R software package vegan (Oksanen et al., 2018) to calculate six biodiversity indices: 182 

species richness, number of individuals, Shannon’s index, Pielou’s evenness, Bray-Curtis 183 

dissimilarity, and Chi-square dissimilarity. Shannon’s index was calculated as follows:  184 

H = -SUM[(pi) * ln(pi)] 185 

where SUM is summation, and pi is prevalence as summed number of species/ within in the 186 

population. Pielou’s evenness index (Pielou, 1966) was calculated as follows:  187 

 188 

where H’ is the Shannon’s diversity, S is the total number of species. Bray-Curtis 189 

dissimilarity was calculated as follows: 190 
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where Cij is sum of shared minimum abundances for each species and Ai and Aj  is  191 

abundance in sample i and j. Chi square dissimilarity was calculated as follows: 192 

 193 

Where xik and xjk are counts or abundances of species k in samples i and j. S is the total 194 

number of species. Each term in the sum compares one species across the two samples.  195 

To understand whether carbon farming induces changes in biodiversity, separate 196 

analyses were performed for five species groups: plants, arthropods, arthropod functional 197 

groups, nematodes, and birds. To analyze changes in alpha diversity indices, a generalized 198 

linear mixed model was used, with each index value as a response variable. For abundance 199 

and species richness a Poisson distribution of error was assumed except for plants where 200 

abundance was measured as coverage and a Beta distribution of error was used. For 201 

Shannon’s diversity and Pielou’s evenness, a Gaussian distribution of error was assumed. The 202 

four carbon farming practices and field status (carbon farming practice or control) were used 203 

as categorical explanatory variables. Field status was nested under carbon farming practice 204 

and the best model was selected based on Akaike information criterion (Symonds & 205 

Moussalli, 2011). Farm ID was used as random variable in all analyses. Post hoc analysis was 206 

performed to test the differences between diversity indices between carbon farmed and 207 

control fields within carbon farming practices. 208 
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 To test whether species communities differ among the carbon farming practice t 209 

and field status (carbon farming practice or control), we ran a set of ANOSIM analyses using 210 

Bray-Curtis and Chi-square dissimilarities. The analyses were conducted in R using the 211 

vegan package (Oksanen et al., 2018). Analyses were performed separately for each of the 212 

four species groups: birds, plants, arthropods, and nematodes. Due to the small sample size, 213 

ANOSIM was not performed on the field bird data. 214 

 To understand whether the abundance of the nematode functional groups 215 

differed among carbon practices as well as within practices between the carbon field vs. the 216 

control field, a set of analyses were run in Generalized linear mixed model framework. The 217 

abundance of individuals within a functional group was used as a linear response variable and 218 

a Poisson distribution of error was assumed. The four carbon practices and field status 219 

(carbon practice or control) were used as categorical explanatory variables. Field status was 220 

nested under carbon practice type and the best model was selected based on Akaike 221 

information criterion (Symonds & Moussalli, 2011). To test the impact of carbon farming 222 

practices on the abundance of the arthropod species and functional groups, altogether 12 223 

models were run with a similar model structure. Aphidoids were excluded from the species 224 

group level analyses due their rare occurrence. Post hoc analysis was performed to test the 225 

differences between abundances between carbon field and control fields within carbon 226 

farming practices. 227 

To test whether indicator species analysis can reveal bird species that are 228 

significantly associated to the fields where carbon farming is practiced, we run analyses using 229 

indicspecies package (De Caceres & Legendre, 2009) in R.  230 

 231 

Results 232 
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Alpha and beta diversity indices explaining change in biodiversity 233 

We found altogether 198 plant species from the surveyed vegetation plots. The abundance of 234 

plants, measured by vegetation cover, differed between carbon farming and control fields 235 

(Table 2). For plant abundance, the ley mixture and the adaptive grazing differed significantly 236 

from the control field, exhibiting lower abundance (Fig 1). Surprisingly, plant species 237 

richness did not differ between the carbon farming practice used or between field status i.e., 238 

control vs carbon practice (Table 2). However, Shannon’s diversity and Pielou’s evenness 239 

differed between control vs carbon farming status of the field (Table 2; Fig 1). There were 240 

higher diversity and evenness in the ley mixture treatment compared to its control (Fig 1). 241 

Bray-Curtis dissimilarities differed among the carbon farming practices and there was a 242 

significant difference between ley mixture and control (Table 2). Plant community 243 

composition differed significantly based on Bray-Curtis dissimilarities, indicating shifts in 244 

species presence and abundance across treatments (Table 2).  245 

The abundance of arthropods depended on carbon farming practice used and 246 

field status (Table 2; Figs 1-2).  Abundance was markedly higher in adaptive grazing than its 247 

control but in other carbon practices arthropod abundance was significantly lower than in 248 

their controls (Figs 1-2). Other alpha diversity metrics showed no significant effects on 249 

arthropod communities, either on the higher taxonomic or the more general functional group 250 

level (Table 2; Fig 1). We identified significant dissimilarities (Bray-Curtis and Chi square) in 251 

the taxonomic arthropod groups among carbon practices, but not between control vs carbon 252 

practice within a single farm (Table 2). Among the functional groups, only the Chi square 253 

index revealed significant dissimilarities among carbon practices (Table 2). When we 254 

assessed the abundances of the nine individual taxonomic groups and the three functional 255 

groups of arthropods instead of their diversity indices, we found that field status had both 256 
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positive and negative effects on the abundances of all analyzed groups (Supplementary Table 257 

S1; Fig 2).  258 

We found that nematode abundance was highest in the ley mixture and lowest in 259 

the all-in treatment (Table 2; Fig 2). Compared to control fields, nematode abundance was 260 

lower in carbon practice fields under cover crops and all-in treatments, but higher under 261 

adaptive grazing (Table 1; Figs 1, 2). The other alpha diversity metrics and beta diversity 262 

metrics of nematode data did not reveal any significant differences among the treatments 263 

(Table 2, Fig 1). Among individual nematode functional groups, bacterivores were less 264 

abundant in the all-in and cover crop treatments compared to their respective controls 265 

(Supplementary Table S2; Fig. 1). Herbivorous nematodes were more abundant in the two 266 

perennial systems—adaptive grazing and ley mixture—than in all-in and cover crop 267 

treatments, but their abundance did not differ between carbon practices and their controls 268 

(Supplementary Table S2; Fig. 2). For the other functional groups, we found no significant 269 

differences among the carbon practices or between treatments and controls (Supplementary 270 

Table S2; Fig. 3). 271 

We observed 31 bird species across both carbon and control fields. Four of 272 

these were field species: Alauda arvensis, Anthus pratensis, Numenius arquata, and Vanellus 273 

vanellus. However, analyses of both the complete bird dataset and the subset of field species 274 

revealed no significant differences in any of the alpha or beta diversity indices (Table 2; Figs. 275 

1, S2).  276 

 277 

Bird indicator species analysis 278 
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Indicator species analysis showed that one species, Eurasian skylark, Alauda arvensis, was 279 

significantly associated to all-in and cover crops treatments (stat = 0.548; P = 0.043; 280 

Supplementary Table S3).  281 

 282 

Discussion 283 

Biodiversity has declined significantly because of intensive agricultural land use (Rigal et al., 284 

2023, Raven & Wagner, 2021, Tsiafouli et al., 2015), posing a major challenge to long-term 285 

ecosystem health and resilience in these human-managed environments. As we transition 286 

toward more sustainable food production systems, such as carbon farming, it is critical to 287 

understand how these practices affect biodiversity—and which metrics best capture these 288 

changes. Here, we tested how different biodiversity indices capture changes in four 289 

taxonomic groups—plants, arthropods, nematodes, and birds—in response to various carbon 290 

farming practices. Overall, we found that the biodiversity impacts of carbon practices were 291 

context-dependent, varying by both the index used and the taxonomic group studied. The four 292 

carbon farming practices in our study—all-in, cover crops, adaptive grazing, and ley 293 

mixture—differed in their effects on the species groups. Below, we discuss how biodiversity 294 

responses to carbon farming were shaped by the type of practice, the taxonomic group, the 295 

analytical method, and the diversity metric results for each of these factors –and consider 296 

their relevance for promoting biodiversity in sustainable farming systems.  297 

We found that carbon farming practices differed in the species groups they 298 

affected. Our results align with a recent meta-analysis by Cozim-Melges et al. (Cozim-299 

Melges et al., 2024), concluding that no single agricultural practice enhances biodiversity 300 

across all taxonomic groups. In our study, the two annual treatments- all-in and cover crops - 301 

produced directionally similar responses in alpha diversity for nematodes and arthropods—302 
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two taxonomic groups known to respond rapidly to cropping practices. For example, a 303 

Swedish study on inter-cropping treatments in cereals reported changes in both nematode and 304 

predatory arthropod taxa (Boetzl et al., 2023). Among the perennial treatments (adaptive 305 

grazing and ley mixture), we observed a decrease in plant abundance. However, the effects 306 

on other species groups were more variable. Notably, adaptive grazing increased arthropod 307 

abundance, while the ley mixture treatment showed only a minor increase in arthropods. 308 

These findings are consistent with a recent North American study that reported increases in 309 

cross-taxa in response to adaptive grazing (Rigal et al., 2023) even if mixed responses are 310 

reported across various environments (Morris, 2021).  311 

All of the biodiversity indices used in our study detected differences in at least 312 

one species group, carbon farming practice, or field status. Abundance was the most sensitive 313 

metric, showing responses to carbon farming practices across all species groups except birds. 314 

Shannon diversity and Pielou’s evenness revealed changes in plant communities between ley 315 

mixture treatment and its control. Both beta diversity indices—Bray-Curtis and Chi-square 316 

dissimilarity—detected changes in arthropod communities across carbon practice types. 317 

Responses in Chi-square dissimilarity were particularly dependent on arthropod functional 318 

groups, even though only three such groups were included. In contrast, Bray-Curtis 319 

dissimilarity detected changes in plant communities across both carbon practice type and 320 

field status. Our findings are in line with a study by Morris et al. (2014), which found that 321 

abundance was the only metric consistently sensitive to changes across multiple species 322 

groups in response to land-use intensity. However, their path analysis also showed that 323 

Shannon’s and Simpson’s diversity indices provided a better model fit for those same groups. 324 

Arthropods abundances showed the strongest responses to carbon farming 325 

practices among the studied groups, and the direction of the response varied depending on the 326 

management practice. Often the direction of responses was consistent across both functional 327 
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group abundances (predators, herbivores, neutrals), and the abundances of individual 328 

taxonomic groups. However, for example Acarina and Aranea, both predators, responded in 329 

opposing ways to the ley mixture treatment, and Collembola responded differently to cover 330 

crops than the other neutral taxa. This suggests that taxonomic group-level analyses may 331 

provide more accurate insights than broader functional groupings when evaluating 332 

biodiversity responses to management practices. Like arthropods, nematode abundance 333 

varied significantly by carbon farming practice. Bacterivores were sensitive to the carbon 334 

practice vs. control contrast (field status) in the two annual practices, while herbivores were 335 

more abundant in farms with perennial management practices. The higher proportion of 336 

bacterivorous nematodes in farms following annually renewed management practices (more 337 

frequent disturbance or vegetation-free periods) might reflect the early colonization status of 338 

these soil organisms (Archidona-Yuste et al., 2025) while the reduced total nematode 339 

abundance in cover crop and all-in treatments compared to control suggests that carbon-340 

farming practices based on undersown cover crops can influence soil communities. In 341 

contrast, birds did not show significant differences among treatments. This pattern was also 342 

observed in field bird species, although the absence of detectable effects may be due to the 343 

small sample size. These results contrast with previous studies that have found field birds to 344 

be more responsive to agricultural practices  (Doxa et al., 2010, Rigal et al., 2023). For 345 

plants, we observed changes in several diversity indices other than species richness. Plants 346 

were the only species group directly manipulated by growers, so variation among treatments 347 

was expected. The apparent low variability in species richness may be explained by the 348 

dynamics of different treatment types: in the perennial practices (adaptive grazing and ley 349 

mixture), five years of consistent management may have homogenized vegetation across 350 

fields, while in the annual practices (cover crops and all-in), increased weed emergence may 351 

have increased species diversity (Henckel et al., 2015).  352 
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 353 

Conclusions Jointly our findings reveal that biodiversity responses to carbon farming 354 

practices are highly context-dependent, shaped by the type of management, the taxonomic 355 

group examined, and the diversity metric used. Notably, alpha diversity metrics, particularly 356 

abundance, were often more sensitive in detecting changes than beta diversity measures. This 357 

suggests that shifts in the number of individuals within species groups may occur even when 358 

overall community composition remains relatively stable (Winfree et al., 2015). Ecologically, 359 

changes in abundance can have significant implications: increased abundance may enhance 360 

ecosystem functions such as nutrient cycling, pest control, and pollination (Liu et al., 2021, 361 

Winfree et al., 2015). The effects may be particularly strong when changes affect key 362 

functional groups (Crawford et al., 2021). The high responsiveness of abundance highlights 363 

the importance of not overlooking simple metrics when monitoring biodiversity outcomes 364 

(Gotelli & Colwell, 2001). 365 

The variation in detection power among metrics also emphasizes the need for 366 

careful selection of biodiversity indicators when evaluating the ecological impacts of 367 

sustainable farming practices (Sutherland et al., 2013). While beta diversity provides 368 

important insights into turnover and community restructuring (Anderson et al., 2011), alpha 369 

diversity metrics may be more immediately informative for detecting early responses to 370 

management changes in agroecosystems. This study offers new evidence on the effectiveness 371 

of biodiversity indices for assessing biodiversity at the farm scale (Herzog & Franklin, 2016) 372 

Developing reliable monitoring tools at this scale is especially important for policymakers 373 

seeking to implement biodiversity-friendly agricultural policies (Targetti et al., 2016). 374 

Importantly, our results suggest that even modest adjustments in farming 375 

practices can promote biodiversity, but the outcomes are strongly taxon-specific. Promoting 376 



17 
 

practices that maintain or enhance organism abundance, particularly in underrepresented 377 

groups such as soil fauna, could strengthen the resilience and multifunctionality of 378 

agricultural ecosystems (Tscharntke et al., 2005, Bardgett & van der Putten, 2014). Our 379 

findings are particularly valuable for boreal biomes, where data on the biodiversity impacts of 380 

agricultural practices have been limited (Cozim-Melges et al., 2024). Thus, carbon farming 381 

and related diversification strategies have clear potential to contribute not only to climate 382 

mitigation goals but also to enhance farmland biodiversity within production landscapes. 383 

Strategic monitoring and adaptive management, informed by appropriate diversity metrics, 384 

will be key to achieving these dual objectives (Bommarco et al., 2013, Kremen & 385 

Merenlender, 2018) 386 

  387 
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Tables 388 

Table 1. Number of sampled units, individuals, species, and functional groups in this 389 

study.  390 

  Sampling 

units 

Observed 

individuals 

Observed 

species 

number 

Functional 

groups 

Plants 114 1405* 198  - 

Arthropods 38 6669 - 3 

Nematodes  

38 

19418 

(1934**)  - 5 

Birds 76 109 31  - 

Field birds 76 15 4 - 

*Plant species observations within a grid.  
  

**Nematodes characterized to functional groups. 
 

 391 
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Table 2. The Effect of Carbon Farming Practices on Alpha and Beta diversity. The effect of carbon practice vs control and carbon practice 392 

type on alpha (abundance, species richness Shannon’s diversity, Pielou’s evenness) and beta (Bray’s dissimilarities, Chi square dissimilarities) 393 

diversity of plants, arthropods, arthropod functional groups, nematode functional groups, all bird species (31 species) and field birds (4 species) 394 

analyzed using generalized linear mixed models. Significant differences (P < 0.05) are shown in bold. 395 

  Effect Abundance 
Species 

richness 
  Shannon's diversity Pielou's evenness 

Bray’s 

dissimilarities 

Chi square 

dissimilarities 

    
d.d., 

d.d.f. 
F P 

d.d., 

d.d.f. 
F P 

d.d., 

d.d.f. 
F P 

d.d., 

d.d.f. 
F P R P R P 

Plants Carbon practice type 3, 15 6.15 0.0078 3, 15 0.75 0.5376 3, 15 1.75 0.1993 3, 15 2.24 0.1258 0.226 0.002 0.048 0.154 

  
Field status (carbon vs. 

control) 
4, 15 5.96 0.006 4, 15 0.51 0.7263 4, 15 4.34 0.0158 4, 15 4.17 0.0182 0.1426 0.019 0.0343 0.234 

Arthropods Carbon practice type 3, 15 1.2 0.3423 3, 15 0.93 0.4511 3, 15 2.44 0.1047 3, 15 1.91 0.1706 0.081 0.049 0.132 0.008 

  
Field status (carbon vs. 

control) 
4, 15 147 <.0001 4, 15 0.13 0.9684 4, 15 0.37 0.8281 4, 15 0.11 0.9775 0.0038 0.449 0.522 0.001 

Arthropod 

functional groups 
Carbon practice type - - - 3, 15 0.02 0.9955 3, 15 0.64 0.6004 3, 15 0.44 0.7255 0.048 0.17 0.086 0.048 

 
Field status (carbon vs. 

control) 
- - - 4, 15 0.03 0.9975 4, 15 1.96 0.1519 4, 15 1.07 0.4065 -0.013 0.564 0.0439 0.234 

Nematodes Carbon practice type 3, 15 7.95 0.0021 3, 15 0.13 0.9421 3, 15 1.29 0.3126 3, 15 0.98 0.4295 0.049 0.166 0.069 0.085 



20 
 

  
Field status (carbon vs. 

control) 
3, 15 3.97 0.0216 4, 15 0.06 0.9934 4, 15 2.02 0.1435 4, 15 0.53 0.7184 -0.03 0.623 -0.002 0.472 

Birds Carbon practice type 3, 15 1.62 0.2271 3, 15 1.28 0.3156 3, 9 1.02 0.4173 3, 5 1.33 0.364 0.083 0.173 0.067 0.127 

 
Field status (carbon vs. 

control) 
4, 15 1.04 0.417 4, 15 0.9 0.4862  1.11 0.396 4, 5 1.31 0.3798 0.059 0.12 0.008 0.421 

Field birds Carbon practice type 3, 30 0.18 0.9476 3, 30 0.13 0.9705 3, 30 0.82 0.4915 3, 19 0.36 0.7811 - - - - 

  
Field status (carbon vs. 

control) 

4, 30 0.23 0.8773 4, 30 0.13 0.943 4, 30 0.84 0.5113 4, 19 1.4 0.2719 - - - - 

 396 

 397 

 398 

 399 

  400 
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Figure legends 

Fig. 1. Effects of Carbon Farming Practices on Alpha Diversity. The effect of carbon 

practice vs control A) on alpha diversity metrics in plants, arthropods, nematodes and birds, 

and B) on abundance of functional and taxonomic groups of arthropods and functional groups 

of nematodes. Significant differences are shown with a bold black line. 

Fig. 2. The Composition of Arthropod and Nematode Communities in Different Carbon 

practices. Composition of A) arthropod and B) nematode communities sampled from fields 

with and without carbon practices surveyed in 19 farms in Central and Southern Finland in 

2023.  

Fig. 3. Bird species occurrence in response to carbon farming practices across Finnish 

farms. Occurrence of 31 bird species observed in fields with and without carbon practices 

surveyed in 19 farms in Central and Southern Finland 2023. The carbon practice vs control 

practice used is indicated with colors as in legend. An asterisk indicates species significantly 

associated with all-in and cover crop treatment in indicator species analysis. The four field 

bird species are indicated with bold text.  

  



22 
 

Figures 

Figure 1. 

A 

 

B 

Fig. 1. Effects of Carbon Farming Practices on Alpha Diversity. Effect sizes from Tukey’s 

test comparing carbon farming practices to controls are shown for: A) alpha diversity metrics 

of plants, arthropods, nematodes, and birds, and B) the abundance of functional and 

taxonomic groups of arthropods and functional groups of nematodes. Effect sizes are 

represented by points, with error bars indicating 95% confidence intervals. Statistically 

significant differences are highlighted with bold black lines.  
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Figure 2. 

A 

 

B 

 

Fig. 2. The Composition of Arthropod and Nematode Communities in Different Carbon 

practices. Composition of A) arthropod and B) nematode communities sampled from fields 
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with and without carbon practices surveyed in 19 farms in Central and Southern Finland in 

2023.   
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Figure 3. 

 

Fig. 3. Bird species occurrence in response to carbon farming practices across Finnish 

farms. Occurrence of 31 bird species observed in fields with and without carbon practices 

surveyed in 19 farms in Central and Southern Finland 2023. The carbon practice vs control 

practice used is indicated with colors as in legend. An asterisk indicates species significantly 

associated with all-in and cover crop treatment in indicator species analysis. The four field 

bird species are indicated with italics.   
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Supplementary Material 

Supplementary Tables 

Supplementary Table S1. The effect of carbon practice vs control and carbon practice type on occurrence of taxonomic and functional 

groups of arthropods. Statistically significant (P < 0.05) effects are indicated in bold. 

Taxonomic groups Hymenoptera   Arachnida   Aranea     Coleoptera   Collembola    

  d.d., d.d.f. F P 
d.d., 
d.d.f. F   d.d., d.d.f. F P d.d., d.d.f. F P d.d., d.d.f. F P 

 
Carbon practice type 3, 15 0.53 0.6654 3, 15 1.19 0.3459 3, 15 0.49 0.6956 3, 15 1.59 0.2337 3, 15 3.25 0.0516 

 
Field status (carbon practice 
type) 3, 15 25.86 <.0001 3, 15 34.07 <.0001 3, 15 105.95 <.0001 3, 15 3.41 0.0356 3, 15 31.98 <.0001 

 
  Diptera     Homoptera   Heteroptera   Thysanoptera          

  d.d., d.d.f. F P 
d.d., 
d.d.f. 

F   d.d., d.d.f. F P d.d., d.d.f. F P       
 

Carbon practice type 3, 15 1.59 0.2337 3, 16 7.54 0.0026 7.54 0.0026 0.0796 3, 15 1.25 0.3253       
 

Field status 3, 15 3.41 0.0356 3, 16 11.86 0.0002 11.86 0.0002 <.0001 3, 15 6.4 0.0033        
Functional groups Herbivores   Predators    Neutrals    

 

  d.d., d.d.f. F P d.d., 
d.d.f. 

F P  d.d., 
d.d.f. 

F P 
  

 

Carbon practice type 3, 15 0.59 0.634 3, 15 2.03 0.1535 3, 15 1.95 0.1657 
  

 

Field status (carbon practice 
type) 

3, 15 36.71 <.0001 3, 15 92.9 <.0001 3, 15 26.24 <.0001 
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Supplementary Table S2. The effect of carbon practice vs control and carbon practice type on occurrence of functional groups of 

nematodes. Statistically significant (P < 0.05) effect is indicated in bold. 

Nematodes Herbivores   Predators     Omnivores   Bacteriovores   Fungivores   

  d.d., d.d.f. F P 
d.d., 
d.d.f. 

F   P 
d.d., 
d.d.f. 

F P 
d.d., 
d.d.f. 

F P 
d.d., 
d.d.f. 

F P 

Carbon practice type 3, 15 8.46 0.0016 3, 15 0.42 0.7412 0.4633 3, 15 3.1 0.0585 3, 15 4.24 0.0234 3, 15 2.8 0.0758 

Field status (carbon practice 
type) 

3, 15 1.91 0.1617 3, 15 0.68 0.6134 0.1994 3, 15 0.32 0.8621 3, 15 2.92 0.0573 3, 15 2.1 0.1316 
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Supplementary Table S3. The results of indicator species analysis on birds on four carbon 1 

practices and their controls. Statistically significant (P < 0.05) association is indicated in bold. 2 

  Carbon        Control              

Species All-in 
Cover 
crop 

Adaptive 
grazing 

Ley 
mixture 

All-in 
Cover 
crop 

Adaptive 
grazing 

Ley 
mixture 

index stat P 

Alauda arvensis 1 1 0 0 0 0 0 0 9 0.548 0.043 
Anthus pratensis 1 0 0 0 0 0 0 0 1 0.475 0.444 
Chloris chloris 0 1 1 0 0 0 1 0 61 0.389 0.542 
Chroicocephalus 
ridibundus 0 0 0 0 0 0 1 0 7 0.413 0.463 
Columba palumbus 0 1 1 1 0 1 0 0 129 0.346 0.741 
Corvus cornix 0 0 0 0 0 1 0 0 6 0.386 1 
Corvus monedula 0 0 0 1 0 0 1 0 29 0.433 0.258 
Curruca communis 0 1 1 0 1 0 1 0 133 0.356 0.562 
Cyanistes caeruleus 0 1 1 0 0 0 0 0 16 0.406 0.723 
Dendrocopos major 0 0 0 0 0 1 0 0 6 0.386 1 
Emberiza citrinella 1 1 0 0 0 1 0 1 106 0.309 0.991 
Erithacus rubecula 0 1 0 0 1 0 0 0 18 0.406 0.726 
Fringilla coelebs 0 0 0 0 0 0 0 1 8 0.607 0.065 
Grus grus 1 0 0 0 0 0 0 0 1 0.475 0.429 
Hirundo rustica 1 0 0 0 0 1 0 0 13 0.406 0.736 
Linaria cannabina 0 0 0 0 0 0 0 1 8 0.424 0.66 
Locustella naevia 0 1 0 0 0 0 0 0 2 0.386 1 
Loxia curvirostra 1 0 1 0 0 1 1 0 115 0.360 0.606 
Motacilla alba 0 0 1 1 1 0 0 0 73 0.375 0.474 
Muscicapa striata 0 0 1 0 0 0 0 0 3 0.475 0.437 
Numenius arquata 0 0 0 0 0 0 0 1 8 0.366 0.859 
Parus major 1 1 0 0 0 0 0 0 9 0.431 0.292 
Passer montanus 1 0 0 0 0 0 0 1 15 0.423 0.461 
Phylloscopus trochilus 0 0 0 0 1 1 0 0 31 0.486 0.212 
Pica pica 0 0 1 0 0 0 1 0 25 0.447 0.255 
Saxicola rubetra 1 0 0 0 0 1 0 0 13 0.406 0.726 
Spinus spinus 1 1 0 0 1 0 1 1 181 0.294 0.785 
Sylvia borin 0 0 0 0 0 0 0 1 8 0.424 0.66 
Turdus merula 1 0 0 0 0 1 1 0 55 0.511 0.101 
Turdus pilaris 0 0 1 1 0 0 0 1 76 0.395 0.429 

Vanellus vanellus 0 0 0 0 0 1 0 1 35 0.380 0.949 

 3 

  4 
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Supplementary Figures 5 

Supplementary Figure S1 6 

 7 

Supplementary Figure S2. Locations of the 19 Study Farms in Finland. Locations of the 8 

study farms implementing different carbon farming treatments: all-in, cover crops, adaptive 9 

grazing, and ley mix. 10 
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Supplementary Figure S2. 12 

 13 

Supplementary Figure S1. Fig. 1. Effects of Carbon Farming Practices on Alpha 14 

Diversity. Effect sizes from Tukey’s test comparing carbon farming practices to controls are 15 

shown for alpha diversity metrics in field birds. Effect sizes are represented by points, with 16 

error bars indicating 95% confidence intervals. Statistically significant differences are 17 

highlighted with bold black lines. 18 

 19 


