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Abstract 15 

Time series arising from long-term monitoring consƟtute a key source for ecological 16 

knowledge, and their value conƟnues to increase as new data are being added. Yet, in many 17 

cases data collecƟon methodologies applied are rooted in historical decisions. To adapt to 18 

new quesƟons, opportuniƟes or challenges, methodologies may have to be changed. Such 19 

changes, however, can not jeopardize the integrity of long-term Ɵme series. Here we present 20 

a staƟsƟcal protocol that can be used to opƟmize and validate the switch in methodology for 21 

esƟmaƟng abundances in a designated area from a full census approach to a sample survey 22 

with permanent transects. To evaluate the generality of our method, we Įrst implemented 23 

our methodology on a suite of simulated abundance data, and second on a real-life case 24 

study on high ArcƟc collared lemmings (Dicrostonyx groenlandicus). For the simulated data 25 

series, our approach generally allowed for the transiƟon from census-based to survey-based 26 

monitoring without compromising Ɵme series integrity, even with a relaƟvely low number of 27 

transects. Accuracy, however, depends on overall abundance of the focal species. For the 28 

real-life data, we demonstrate that the new transect-based approach indeed was able to 29 

capture the dynamics and cyclicity of the populaƟon abundance present in the census data 30 

collected over almost 30 years. The integrity of the Ɵme series is thus maintained, whilst 31 

94% less eīort is being invested in the collecƟon of data. Using the provided R code, the 32 

approach is easily implemented in other monitoring programs that require a change in 33 

methodology. 34 

 35 

Keywords: AdapƟve monitoring, Full census, Long-term monitoring, Sample survey, 36 

ValidaƟon 37 
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 38 

IntroducƟon 39 

Long-term monitoring is central for our ability to keep track of species and ecosystems in a 40 

rapidly changing world (Hughes et al. 2017). To build up long Ɵme series obviously requires 41 

Ɵme and money, and to safeguard the integrity of the Ɵme series, long-term monitoring 42 

oŌenƟmes adheres to decisions made, and methodologies implemented, at the onset of the 43 

program. The emergence of new research quesƟons and agendas, technology and changing 44 

funding landscapes may however require long-term monitoring programs to be changed 45 

(BueƩel et al. 2025) or adapted (Lindenmayer and Likens 2009). It is, however, essenƟal that 46 

adaptaƟons to the new reality are conducted in such a way that the integrity of the historical 47 

Ɵme series is not compromised (BueƩel et al. 2025).  48 

In monitoring programs, the abundance of a given species can be esƟmated by means of 49 

either true census, where all individuals (or pairs, nests etc.) are counted within a designated 50 

area, or by sample survey, where a smaller area of the designated area is covered (Gregory 51 

et al. 2004). While the Įrst is expected to provide a more complete abundance esƟmate, the 52 

laƩer requires less eīort and allows for quanƟĮcaƟon of the uncertainƟes associated with 53 

the abundance esƟmates (Gregory et al. 2004; Moullec et al. 2017). Full census is therefore 54 

not commonly used in ecological monitoring. However, parƟcular monitoring programs 55 

established decades ago have opted for this approach (e.g. MeltoŌe et al. 2020; Schmidt et 56 

al. 2021; Von Beckerath et al. 2021). The mere duraƟon of the Ɵme series originaƟng from 57 

such long-term programs makes them highly valuable (Hughes et al. 2017; Viblanc and 58 

Muller-Landau 2025), and the need for sustained Ɵme series comparability equally stronger. 59 

While modern technology may alleviate some of the costs associated with full census (e.g. 60 
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Rominger and Meyer 2021), more drasƟc methodological changes may be required, for 61 

instance to meet new funding schemes or Ɵme constraints.  62 

Here we present a simple and eīecƟve staƟsƟcal protocol that allows for the transiƟon of 63 

abundance esƟmaƟon from being based on full census to being based on sample survey. The 64 

approach relies on historical georeferenced data to balance accuracy and required eīort 65 

whilst ensuring Ɵme series integrity. 66 

 67 

ConsideraƟons  68 

BueƩel et al. (2025) presented a seven-step general framework to guide the implementaƟon 69 

of new methods into on-going monitoring programs. For the speciĮc case of transiƟoning 70 

from full census to sample survey, we will focus on evaluaƟng the new methodology and the 71 

integrity of the resulƟng data, with parƟcular aƩenƟon to idenƟfying the opƟmal balance 72 

between data quality (i.e. the ability of the samples survey to accurately replicate the full 73 

census data) and eīort required to conduct the sample survey versus the full census. While 74 

the exact balance between the two largely hinges on the local context, some general 75 

consideraƟons can be made. 76 

 77 

Data integrity 78 

As suggested by BueƩel et al. (2025), the validity of new methods in long-term monitoring 79 

can be examined by running the old and the new method in parallel and then cross-80 

validaƟng the results. While this is the preferred approach in many cases, transiƟoning from 81 

full census to transect-based sample survey may allow for a diīerent validaƟon approach: If 82 
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the historical data consist of georeferenced registraƟons from within a well-deĮned census 83 

area, they can be used to evaluate the accuracy of the sample survey in comparison to the 84 

full census by means of the new methods ability to replicate past dynamics. First and 85 

foremost, the new approach must capture the temporal paƩern in animal abundance within 86 

the census area, with the abundance obtained in the full census regarded as true 87 

abundance. However, ideally the new approach should also be able to capture other 88 

populaƟon dynamical features, such as populaƟon trends and cyclicity paƩerns. Depending 89 

on the focal species, other metrics may be (more) relevant for the evaluaƟon of accuracy.  90 

 91 

Eīort 92 

The number of transects as well as their length and width (i.e. total area covered) determine 93 

the eīort required. Both the number and the dimensions can be adjusted, provided that it 94 

requires less eīort than the full census and the required accuracy is achieved. Knowledge 95 

obtained during the full census period may help guide the layout of the transect for the 96 

sample survey. The focal species and the landscape in which the census has been conducted 97 

may require a parƟcular layout of transects.  98 

 99 

Methodological approach 100 

In this secƟon we provide a roadmap to facilitate the transiƟon from census-based to survey 101 

-based monitoring. An R script to implement the methodology is provided in Online 102 

Resource 1. The Įrst step is to generate the permanent transects, randomly distributed 103 

within the exisƟng census area. Transect dimensions may vary according to focal species and 104 
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the characterisƟcs of the census area and transect dimensions thus are to be based on 105 

knowledge of the census area and previous experience with opƟmal transect width for nest 106 

detecƟon within the census area. The second step is to select all non-overlapping transects 107 

from the randomly distributed transects.  108 

The third step is then to select a subset of non-overlapping transects that best capture the 109 

interannual ŇuctuaƟons in focal species numbers (individuals, pair, nests, etc.) within the 110 

census area. Here the script loops through all non-overlapping transects to Įnd the best Įt 111 

(linear regression; based on R2) between the total number found within transects in each 112 

year and the true number found within the full census area. The coeĸcients from the linear 113 

regressions are then used to calculate the expected number within the census area based on 114 

the transect (survey) data. However, as accuracy is likely to increase with eīort (i.e. number 115 

of transects), the opƟmal balance between accuracy and number of transects is determined 116 

by having the script looping through the above opƟmizaƟon process across a range of 117 

transects from 1 to n transects. As a measure of accuracy, we use the oīset between the 118 

true focal species number and the numbers esƟmated from the transects. SpeciĮcally, we 119 

use the absolute deviaƟon between the esƟmated number and the true total number across 120 

all years within the census area, expressed as percentage of the laƩer.  121 

 122 

Method validaƟon 123 

Simulated data 124 

To examine the generality of our approach, we simulated two types of census data Ɵme 125 

series (see Online Resource 3). Both data series simulated the locaƟon and overall 126 
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abundance of a focal species in a 1x1 km census area over a period of 25 years, with one 127 

census per year. In the Įrst Ɵme series, locaƟons of the focal species were distributed 128 

completely randomly within the census area, while in the laƩer we introduced Įve habitat 129 

classes, each with a speciĮc preference of the focal species. For each of the two types of 130 

Ɵme series, we generated six scenarios of varying abundance ranges across the study period 131 

(i.e. 100-1000, 50-500, 25-250, 10-100, 5-50, 1-20 and 1-10). We then applied our approach 132 

to each of the simulated data series within the hypotheƟcal census area, with transect 133 

dimensions set to 200 m long and 15 m wide (see Online Resource 3). 134 

For both types of simulated Ɵme series, oīset decreased with the number of transects 135 

included in the sample survey (Figure 1). Oīset improvement levelled oī aŌer the inclusion 136 

of around 25-30 transects. This paƩern was most evident in Ɵme series with the highest 137 

abundances, while oīset remained high in Ɵme series with low abundance. InteresƟngly, in 138 

the completely random Ɵme series oīset generally levelled oī earlier and reached slightly 139 

lower oīset levels as compared to the simulated data with habitats and habitat selecƟon of 140 

the focal species. On the other hand, in Ɵme series with habitats the decline in oīset with 141 

the inclusion of more transects was slightly faster than in the simulated random Ɵme series 142 

(Figure 1). 143 

 144 
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 145 

Figure 1. Oīset between census-based and survey-based abundances. LeŌ panel shows 146 

oīsets based on simulated Ɵme series with completely random locaƟons (no habitats), while 147 

right panel shows oīsets based on simulated Ɵme series with focal species habitat selecƟon. 148 

Seven abundance range scenarios were implemented for each Ɵme series type. See Online 149 

Resource 3 for further details about the simulated data series. 150 

 151 

Case study: Collared lemming 152 

To further validate and showcase our methodology, we used exisƟng data from the long-153 

term monitoring program at Zackenberg in High ArcƟc Kalaallit Nunaat (Greenland). Here, 154 

the populaƟon dynamics and habitat selecƟon of the collared lemming (Dicrostonyx 155 

groenlandicus) has been monitored since 1996 (Schmidt et al. 2021). The monitoring has 156 
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this far consisted of annual full census of a 1.06 km2 designated census area in which all 157 

fresh lemming winter nests are located, georeferenced and examined according to the 158 

protocol (Schmidt et al. 2021). The full census is conducted by walking in 5-10 m wide 159 

transects marked by temporary poles that are successively moved across the enƟre census 160 

area. The lemming area covers a variety of habitat types, of which lemmings in parƟcular 161 

select for Salix snow beds (Schmidt et al. 2021). The lemming populaƟon exhibit large inter-162 

annual abundance ŇuctuaƟons (from 13 to 1300 nests within the census area).  163 

Historical georeferenced data on lemming nest locaƟon were available from 1996 to 2024 164 

from Greenland Ecosystem Monitoring. Data from 2024 were, however, excluded from the 165 

analyses as polar bear presence prevented the complete coverage of the census area. Data 166 

from the other years were complete.  167 

Laying out transects 168 

We Įrst generated randomly distributed transects within the census area (see Online 169 

Resource 4). Each transect was set to be 300m long and 15m wide. From these transects, we 170 

then extracted the non-overlapping transects within the census area (n = 71). As outlined 171 

above, we then quanƟĮed the oīset (% absolute deviance from total true abundance 172 

(across all years; n=5155 winter nests)) for 1 to 50 transects to select the opƟmal number of 173 

transects to balance accuracy and eīort. In the lemming case study, oīset declined 174 

markedly with increasing number of transects but levelled out to about 6.0% from around 175 

20 transects onwards, yet with some variaƟon (Figure 2A). Even though similar or slightly 176 

lower oīset was found when both 38 (6.0%) and 50 transects (5.4%) were included (Figure 177 

2A), improvement of accuracy was limited. Combined with the linear increase in required 178 

eīort with more transects, we chose 20 non-overlapping, permanent transects as a cost-179 
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eĸcient set-up. Using these 20 transects, we found a high correlaƟon between the census-180 

based nest number and the survey-based nests (F1,26 = 7244, P < 0.001, R² = 0.996): 181 

𝑁𝑒𝑠𝑡 ܾ݊݉ݑ𝑒ݎ஼௘௡௦௨௦ = 33.458 + 12.018 ∙  𝑁𝑒𝑠𝑡 ܾ݊݉ݑ𝑒ݎௌ௨௥௩௘௬ (Eq. 1) 182 

Time series integrity 183 

As menƟoned above, there may be several metrics that can be used to validate the ability of 184 

the sample survey to reŇect the full census abundances and dynamics. Here we examined 185 

three metrics relevant to lemmings. First, we evaluated how well the interannual variaƟons 186 

in lemming winter nest numbers were captured by the sample survey in comparison to the 187 

full census. Due to the above high correlaƟon between the two approaches (Eq. 1), the 188 

survey-based data adequately represent the census-based data and capture the interannual 189 

variaƟon and amplitude in lemming abundance (Figure 2B). Yet, the esƟmated minimum 190 

number of nests in the census area may be somewhat biased as indicated by the intercept 191 

value in Eq. 1. SpeciĮcally, at low abundances the likelihood of transects holding no nests is 192 

high, which would then translate to an esƟmated minimum number of 33 nests in the 193 

census area (Eq. 1). This is about 2.5 Ɵmes higher than the actual lowest number observed 194 

in the census area (n=13), suggesƟng that nest numbers may be overesƟmated when 195 

abundances are low (Figure 2B). SƟll, the ŇuctuaƟons and amplitude in sample survey and 196 

full census abundances are remarkably similar, suggesƟng that this may be a minor problem. 197 

 198 
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 199 

Figure 2. SelecƟon of number of transects and evaluaƟon of sample survey performance. 200 

A) shows the oīset (%) between the true nest abundances from the full census and 201 

abundances esƟmated based on the sample survey (recalculated using Eq. 1). The verƟcal 202 

doƩed line indicates the selected number of transects, with the horizontal doƩed line 203 

indicaƟng the associated percentage oīset. The total walking distance in km required to 204 

cover the transects is indicated by the colour code. In B) the recalculated sample survey 205 

abundances (using Eq. 1) are shown in blue and the full census abundances in black during 206 

the period 1996 to 2023. 207 

 208 

As a second validaƟon metric, we compared the periodicity of the census-based and survey-209 

based data series. Cyclic abundance ŇuctuaƟons are a key feature of lemming populaƟon 210 

dynamics (Gauthier et al. 2024) and thus an important metric to be able to capture. To do 211 
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so, we performed wavelet analysis on both the census-based and the survey-based Ɵme 212 

series (Figure 3). As expected from the results in Figure 2B, the periodicity observed using 213 

the two census methods was similar, with no qualitaƟve nor quanƟtaƟve diīerences 214 

between the two (wavelet coherence ranged between 0.901 and 0.999, with a mean of 215 

0.994; Figure 3). 216 

 217 

Figure 3. Outputs of wavelet analyses on the Zackenberg collared lemming Ɵme series. 218 

Wavelet analysis performed on the full census data (leŌ panel) and sample survey data (right 219 

panel), the laƩer recalculated using regression coeĸcients from Eq. 1. 220 

 221 

Finally, as the third validaƟon metric, we examined whether inference about collared 222 

lemming habitat selecƟon depends on whether it is based on data from the full census or 223 

from the sample survey. We Įrst extracted habitat informaƟon for the enƟre lemming 224 

census area using a 5x5m habitat map of the census area (Bay 1998), and the survey 225 

transects and quanƟĮed the availability of the various habitat types (m2) in the census area 226 

and in the area covered by the transects. The availability of habitat types in the survey 227 

transects versus availability in the full census area was highly correlated (F1,6 = 775.6, P < 228 
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0.001, R² = 0.992), suggesƟng that the transects captures the habitat distribuƟon within the 229 

full census area well. This is expected as the layout of transects is based on the locaƟon of 230 

observed nests and hence implicitly includes lemming habitat preferences.  231 

All lemming nests were then annotated with habitat type, and lemming habitat selecƟon 232 

was esƟmated using the isodar approach, following Schmidt et al. (2021). For comparison, 233 

isodar analysis was performed on census-based data and survey-based data, the laƩer 234 

recalculated using Eq. 1.  235 

As evident from the isodar results in Table 1, the shiŌ to sample survey does change the 236 

esƟmates of lemming habitat selecƟon as compared to the full census. This is parƟcularly 237 

true for the intercept, which is indicaƟve of the quanƟtaƟve diīerence between habitats, 238 

but also for the slope, which is indicaƟve of qualitaƟve diīerence between habitats (Morris 239 

1988). Hence, esƟmaƟng lemming habitat selecƟon based on sample survey is not 240 

comparable to esƟmates based on the full census baseline data. While this is unfortunate, it 241 

was not unexpected as the small spaƟal coverage of the sample survey compared to the full 242 

census lowers sample size and increases stochasƟcity. 243 

 244 

Table 1. Summary staƟsƟcs of isodar analyses of collared lemming (Dicrostonyx 245 

groenlandicus) habitat selecƟon at Zackenberg 1996 and 2023. Values are intercepts and 246 

slopes ± 95% conĮdence limits, with bold indicaƟng signiĮcant deviaƟons from either zero 247 

intercept or unity slope (P<0.05). R2 and P values are for the linear regressions. “Full census” 248 

indicates analysis of full census area abundances, while “Sample survey” indicates analysis 249 

of esƟmated nest abundances within the census area based on Eq. 1. 250 
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 Intercept Slope R2 P 

Salix snow bed vs Grassland         

Full census -0.04 ± 0.26 1.33 ± 0.14 0.93 <0.001 

Sample survey -0.42 ± 0.36 2.11 ± 0.53 0.75 <0.001 

Salix snow bed vs Cassiope heath         

Full census 0.33 ± 0.19 1.24 ± 0.11 0.95 <0.001 

Sample survey 0.15 ± 0.25 1.45 ± 0.19 0.89 <0.001 

Grassland vs Cassiope heath         

Full census 0.27 ± 0.21 0.93 ± 0.12 0.88 <0.001 

Sample survey 0.27 ± 0.14 0.68 ± 0.13 0.77 <0.001 

 251 

Eīort 252 

It requires approximately 200 km of walking to cover the full lemming census area at 253 

Zackenberg. Using 20 transects, the total distance to be covered was reduced to 12km (20 254 

transects á 15x300m, each walked in two 7.5m wide sub-transects to resemble past census 255 

technique and to ensure nest detecƟon). This corresponds to a 94% reducƟon in walking 256 

distance and thus consƟtutes a marked reducƟon in eīort. 257 

 258 

Discussion  259 

Changing methodology in long-term monitoring poses a threat to the consistency of Ɵme 260 

series (Beard et al. 1999), and considerable eīort must be made to ensure that the integrity 261 

of the Ɵme series remain (e.g. BueƩel et al. 2025; Ellingsen et al. 2017; Jones et al. 2022). In 262 

this arƟcle, we have shown that even a substanƟal methodological change to an exisƟng 263 
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long-term monitoring program can be made without compromising the consistency of the 264 

Ɵme series of abundance. Hence, Ɵme series integrity was maintained whilst eīort was 265 

markedly reduced. However, the decrease in sampling sizes when using sample survey 266 

warrants cauƟon when esƟmaƟng other populaƟon-related metrics, such as habitat 267 

selecƟon analysis and demographic parameters.  268 

Our methodology is conƟngent on exisƟng georeferenced data as baseline, which is used to 269 

ensure that the transiƟon from census-based to survey-based monitoring is valid. The 270 

approach aims to replicate, not predict, past populaƟon dynamics, and therefore allows for 271 

all available data to be used to opƟmize the selecƟon of the best performing, permanent 272 

transects. It is important to stress that laying out transects in a sample survey to capture 273 

past populaƟon dynamics diīers fundamentally from laying out transects for a new sample 274 

study without georeferenced baseline data. In the laƩer case, one would oŌenƟmes straƟfy 275 

according to relevant parameters such as habitat types, elevaƟon etc. (Gregory et al. 2004). 276 

However, in the case presented here, georeferenced baseline census data holds detailed 277 

informaƟon about where and where not e.g. animals or nests were observed and can thus 278 

be seen as implicitly including the relevant straƟĮcaƟon. InteresƟngly, the simulated data 279 

suggested that our approach worked marginally beƩer on completely random data (lower 280 

oīset) as compared to the simulated data with habitats and habitat selecƟon of the focal 281 

species. SƟll, the diīerence was only marginal.  282 

The overall abundance of the focal species within the census area inŇuences the suitability 283 

of the methodology, with oīset generally decreasing with increasing abundances, ulƟmately 284 

resulƟng in a decrease in the number of transects needed to arrive at an acceptable oīset. 285 

One can, however, also argue that the sample survey is only valid for the range of 286 
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abundances observed in the historical data (in the lemming case study between 13 to 1300 287 

nests). While this is true, 1300 nests can be regarded as an extreme outlier as abundances in 288 

all other years Ňuctuate at a much lower level (Figure 2B). This reduces the risk of 289 

extrapolaƟng outside the observed abundance range, at least under the range of condiƟons 290 

experienced over the last three decades. Nonetheless, it is important to stress that our 291 

approach may only be valid within or close to the abundance ranges encountered in the 292 

historical data.  293 

The protocol outlined here and associated R script were iniƟally developed for a speciĮc 294 

lemming monitoring program in Kalaallit Nunaat (Greenland). However, as exempliĮed in the 295 

simulated data the approach can be implemented in other monitoring programs based on 296 

full census of designated areas, thereby helping to ensure the viability of long-term 297 

monitoring programs and their valuable Ɵme series. Moreover, a similar approach of Įnding 298 

which sub-areas represent temporal abundance paƩerns within a larger area the best can be 299 

used in situaƟons where for instance the number of monitoring plots or sites must be 300 

reduced. 301 

 302 
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Online Resource 1: R script providing the funcƟons needed to create random, non-312 

overlapping transects. FuncƟons to be called from Online Resource 3 and 4. 313 

Online Resource 2: Shape Įle used in Online Resource 2 and collared lemming abundance 314 

data and census area used in Online Resource 3. 315 

Online Resource 3: R script to generate simulated Ɵme series of abundance and to run the 316 

analyses related to the simulated data shown in Figure 1. 317 

Online Resource 4: R script to run all analyses related to the collared lemming case study as 318 

shown in Figure 2, Figure 3 and Table 1. 319 
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