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34 During deglaciation, there were changes in glacial ice extent 2, sea level *#, and the size of

35 ice-dammed lakes ° in northern Fennoscandia. When these factors are combined, it
36 becomes clear how the landscape formed a mosaic of dispersal barriers and highways for

37 different organisms. For some species, like geese and freshwater plants and invertebrates,

38 the large ice-dammed lakes that temporarily formed during ice melt may have represented
39 dispersal highways while they at the same time represented dispersal barriers to terrestrial
40 mammals.
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42
43 Supplementary Fig. 1.1 sedaDNA coring sites and rock art sites in relation to the

44 glacio-isostatically modelled palaeo-topography ¢, most-credible ice-sheet extent ', and
45 predicted paleo-shorelines determining the extent and position of ice-dammed lakes and
46 marine sectors, for one thousand year time slices between 16 and 9 ka.

47

18 2. Catchments and taphonomy

492.1 The theory

50 The fate of DNA from deposition to sediments is shown in Fig. S2.1. The source of plant,

51 mammal and much invertebrate sedaDNA is the soil and slopes of the hydrological

52 catchment of the lake "~'°. After cell lysis during decomposition of litter and below ground

53 biomass (e.g. roots), DNA is released into the pore waters of the soil ™. This DNA has a

54 half-life in aqueous solution of minutes to a few hours if not protected from UV light,

55 temperature and nucleases in the microbial environment (Collins et al. 2018). However, a
56 small proportion is protected from further fragmentation by being adsorbed onto minerals,
57 particularly clays, and organic complexes '>'3. Some clays can even incorporate DNA

58 strands into their structure (nanoconfinement) and be preserved for two million years ™.

59 These mineral and organic particles are then transported by overland water flow with their
60 adsorbed DNA to streams and rivers and then into lakes, estuaries or coastal areas "'.

61 Because the DNA is attached preferentially to the finer part of the suspended river load it is
62 carried out into the lake and settles out with decreasing thickness away from the river input.
63 In small-medium sized lakes of shallow to moderate depth (4-30m) this fine layer is

64 minimally disturbed although micro-scale bioturbation can be caused by seasonal

65 resuspension, wave action (down to ¢c. 4m) and micro-bioturbation by benthic fauna such as
66 tubificid worms. This will cause mm to a few cm of mixing and depending upon the

67 accumulation rate may blur the resultant age model by a few years. Where this does not

68 occur, annual laminations (pseudo-varves) can be preserved along with flood layers caused
69 by larger floods, which are routinely used to create flood chronologies . This has been

70 validated by sedaDNA which reflects a larger source area within the catchment than

71 between the floods reflecting the expansion of ‘contributing area’ of sediment for larger

72 hydrological events '". Thousands of studies of lake sediment fabric (3D arrangement of

73 particles) have revealed that the movement of clay and fine organic matter does not occur in
74 lakes sediment columns due to saturation of pore water spaces and a lack of hydraulic

75 gradient. Lake sediments can be disturbed where bed slopes are steep causing sediment
76 focusing and if currents or channels erode into the lake floor producing problems particularly
77 on larger and more bathymetrically complex lakes. However, in small shallow single basin
78 lakes, the sediment column preserves a faithful record of changes over time in sediment

79 mineralogy, geochemistry, microfossils and organic molecules bound to mineral and organic
80 particles with no vertical mixing. This can even be validated from sedaDNA which record to
81 within a few years changes in catchment vegetation or known introductions '8,

82

83
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85 Supplementary Fig 2.1. Catchment sources of DNA and its deposition in lake sediments. Left
86 panel: Upon cell lysis, DNA is released and a small fraction bound to organic and mineral

87 partcles, especially clays. Central panel: Particles with DNA are transported by overland flow
88 and streams to be depositied on lake floors. Right panet: The sediment column showing the
89 sequential deposition of DNA, here shown as a transition from clastic dominated warved

90 (annual laminated) to organic dominated (gytja) sediments with flood layers.

91 Microbioturbation in top sediment may cause mixing of a few centimetre. By selecting

92 morphologically simple lakes where there is no sediment erosion and re-deposition, the DNA
93 js stratified in a reliable time sequence.

94

95 2.2 Our application

96 The catchments used in this study were chosen specifically so that taphonomic variation and
97 complicating factors would be minimized following both our recent taphonomic studies ® and
98 work elsewhere "%, So all our lakes were small (Table S1) being <60 ha (and mostly under
99 15 ha) and shallow (under 15 m except for one), with simple bathymetry and gentle sediment
100 surface slopes, negating any sediment-focussing effects. The lake catchments were also

101 small with all except one being under 11 km?2. Additionally, most of the lakes were also in

102 headwater catchments with no upstream lake inputs and all except one (Sandfjordalen) had
103 no significant upstream floodplains or areas of colluvial sediment storage. That we do not
104have eroded sedaDNA is supported by a lack of any out-of sequence taxa or indeed taxa
105from previous warm-periods. The lakes are also dominated by in-lake organic production

106 with relatively stable levels of mineral input except in the pre-Holocene (see XRF,

107 Supplementary Fig. S2.2; For Kuutsjavri see '). Whilst Al is present in all cores, reflecting
108 clays, it varies being low in sections with marine sands in Langfjordvannet and high in

109 periods of fine marine sedimentation in Nordivatnet, whereas it is intermediate in all
110lacustrine sections. These results suggest adequate clay content in all sediments for the
111unbiased preservation of sedaDNA. Only two lakes have significant change in carbonate
112component in the early Holocene (Fig S2.2) and virtually no mineral in-wash bands were
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113seen, although the Si and Ti record of Langfjordvannet reflects sand inwashes. Otherwise, a
114lack of inwashes of silt-clay-organic matter and reworking is also supported by under 10 "“C
115date reversals, with only 5 being older dates (i.e. possible unwashed organic matter) out of
1160ver 120 dates in the Holocene %, with 5 of these coming from two sites (Sandfjordalen and
117 Sierrevatnet, Supplementary Fig. 2.2). This is unlike the records from lakes in most other
118areas of Europe 7 and reflects the lack of agriculture in these catchments 23. The result is that
119the input of sedaDNA to the lake was by continuous stream and lake-edge transfer and so
120would have reflected the presence of the taxa rather than a delayed response due to

121 temporal sediment dynamics. Lastly, the lakes all share the same or similar geologies

122 (metamorphic gneiss, schists and slates) which produce the same suit of clay minerals that
123include some swelling clays which have a high affinity to sedaDNA 2*. thus, the cores can be
124regarded as cumulative records as there is abundant evidence now that sedaDNA cannot be
125leached from one level to another in saturated lake sediments '® — as also applies to other
126 biomarkers and geochemistry. In this sedimentary context, DNA damage patterns are not
127required for ancient DNA authentication, and sedaDNA metabarcoding data are regarded as
128reliable source of chronological ecosystem changes 2>,
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149 Supplementary Fig. 2.2: Selected elements from XRF analysis and age-depth model for
150 Sierravannet (EG07). Raw counts of all other elements were divided by Titanium (Ti) and
151 raw counts and Ti itself was rescaled by dividing it by 1000. Unusual high values were

152 removed assuming core start and core breaks. This regards for 12 and 91 cm depths for
153 Eastorjavri; 162 cm depth for Gauptjern; and 110, 186.5 and 389 cm for Langfjordvannet.
154 Age-deth models are taken from % with minor updates from . Full XRF dataset is given as
155 Supplementary Data 1.

156

157

158 3. Mitigating false positives from sampling to final dataset

159 To minimize the risk of false positives, we took necessary steps all along the process from
160 coring to the final stage of bioinformatic and manual cross-checking of the data. During
1e1coring, DNA from the environment may potentially enter the sediments. To avoid this, we
162 used a closed coring system like Nesje corer #°. Before coring, we smeared/spread the pipe,
163 piston and core head with extracted plant DNA of a Christmas cactus (Schlumbergera

164 truncata cultivar) (Supplementary Fig. 3.1a), which belongs to a plant family

165 (Cactaceae) not native to Eurasia. DNA from the same plant was also genome

166 skimmed as part of PhyloNorway, and we have never recorded it in any of our

167 SedaDNA data, suggesting that contamination during the field in general is of low
168risk.

169

170 During core splitting and sampling, as well as DNA extraction, all procedures are

171 carried out sequentially from the oldest to the youngest sediment layers to prevent
172 contamination of older layers by younger ones. Consequently, if cross-contamination
173were to occur during laboratory processing, it would more likely be from the older
174sediments to the younger ones.

175
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176 All ancient DNA work is done in a dedicated lab for ancient DNA with over pressure.
177 All personnel working in the lab are wearing fully body suits and masks. In addition,
178 specific lab clothes that are not worn outside are used underneath the suits. All items
179 brought into the lab are washed minimum twice with a bleach solution, in addition no
180 0uter packaging e.g. cardboard boxes of consumables are entering the inner lab
181space. This to avoid potential modern contamination.

182

183We cut the plastic of the pipe using a saw, only penetrating 0-1 mm into the 10 cm
184diameter core. Then we cleaned the pipe with bleach before taking it into the ancient
185 DNA clean laboratory where we split the cores by pulling a string through the core
186 from the oldest to the youngest end of the core. The splitting process risks dragging
187 DNA from the core end and/or the inner core from the older to the younger sediment.
188 Any such contamination is removed by scraping off the upper sediments first once,
189and then a second time within the first scrape to ensure that only undisturbed
190sediments are sampled (Supplementary Fig. 3.1b). In addition, a container with DNA
191 free water is placed next to the sampling to monitor any contamination from the DNA
192lab.

193

194 During DNA extraction, a negative control is added at the end of each batch

195 (Supplementary Fig. 3.1c). This is a completely empty sample as no water is added,
196 just controlling for cross-contamination as well as the contamination from reagents
197as these are not produced for ancient DNA and commonly contain a small amount of
198 DNA from human and domestic species 03",

199

200 After extraction the samples were randomly placed on a 96 well plate for easier

201 processing for PCR. During the transfer of 85ul DNA extracts from the individual
202tubes to the plate, a negative control with molecular grade water was added to
203account for this step. During PCR another negative control is added. In addition, we
204included the negative controls from sampling and extraction (Supplementary Fig.
2053.1d). By including these negative controls at all stages of the process, we can

206 monitor not only which species may occur as contaminants, but also at which stage
207they entered the process. We did record contamination of chicken (1 negative

208 control) cow (1 negative and 1 positive control), pig (2 negative and 1 positive

209 controls) and human (36 negative controls and 11 positive controls) (Supplementary
210Data 1). These are common contaminants found in samples analysed in different
211ancient DNA laboratories *'-*% and are assumed to come from the reagents and/or
212disposables. It is possible to distinguish this type of modern contamination from
213ancient DNA by doing shotgun analyses followed by analyses of DNA damage

214 patterns *. However, domestic animals were not the focus of this study, and the only
215species recorded were misidentification between a domestic and wild animal is

216 possible wolf/dog. As carnivores in general occur in low number of reads (mean 24
217reads in 60 samples, and damage pattern only found in 8 samples, ), we did not
218attepmt shotgun sequencing to confirm potential wolf occurrence. None of the 85
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219 native animal taxa were detected in any of the 89 controls, supporting no physical
220 contamination of samples.

221

222 To avoid cross-over during PCR, we used dual tagging of 8-9 bases (Supplementary
223Fig. 3.1e). Similarly, to avoid tag jumping during sequencing *, we used dual tagged
224library (Supplementary Fig. 3.1f). Thus, the chance that we infer the wrong date of a
225record due to tag jumping is low.

226

227\We matched the DNA sequences to the EMBL standard reference database

228 (downloaded on 2022-10-06) which was manually curated in order to remove

229 erroneously identified sequences. Finally, we evaluated the identified metabarcode
230 dataset manually and removed one sequence that we were not 100% sure if it
231represented a wolf or contamination from dog DNA.
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235 Supplementary Fig. 3. Avoiding false positives in metabarcoding at all steps from sampling
236 to the final dataset. 1) Adding DNA tracer to equipment at coring, 2) Sampling from inner

237 surface after double cleaning; putting out negative control next to sampling to record any

238 background DNA in the clean laboratory, 3) Negative control of DNA-free water at the end of
239 each batch during DNA extraction to record any cross-contamination from samples as well
240 as background DNA from the reagents, 4) Negative controls during PCR as in step 3; dual
241tagging of samples to detect any cross-over during PCR, 5) Dual indexing of libraries to

242 detect any tag jumps, 6) Matching to manually cross-checked reference library.

243

244

10
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2454, The full animal sedaDNA record

246 The full animal sedaDNA record includes 85 animal taxa detected in 244 of samples and is
247 provided in Supplementary Fig. 4.1. Note that for the overview Fig.1 in the main text, the two
248 sequences identified to Anser are merged, although their separate occurrences in samples
249 suggest that they may represent different species. Note also that according to the CONISS
250 analyses, the major division in the animal community is at 4.1 ka cal BP with further zone
251 divisions at 12.4 and 0.55 ka cal BP.

252

253 \We note that some species that are found in the region today, were not detected in

254 sedaDNA. For Grey wolf, the sequence sharing with dogs challenge reliable identification
255 (Supplementary Table S2), as dog DNA may also come from reagents (see above). Other
256 regional species include arctic fox (Vulpes lagopus), Eurasian lynx (Lynx lynx), common
257shrew (Sorex araneus), Eurasian otter (Lutra lutra) and the mustelids least weasel (Mustela
258 nivalis) and stoat (Mustela erminea). In the warmer parts of the Holocene, roe deer

259 (Capreolus capreolus) would also be possible. As these taxa are all represented in the DNA
260reference library, the lack of detection is not due to the lack of a reference. Bones of

261 Eurasian otter are recorded in the region (Supplementary Table S4) and the lack of

262 sedaDNA could for most sites be explained by the distance to the sea. Mountain hare and
263 European water vole were detected earlier in bones than in sedaDNA, and the earliest
2e64records of reindeer and hare were surprisingly late compared to its early arrival in western
265Norway *. The other species are also lacking from the regional bone records

266 (Supplementary Table S4). For example, lynx are also rare in archaeological records, and
267their past distribution is therefore largely unknown *. Overall, we detected mammals in 58%
268 of the sample with on average 0.94+1.15 species per sample (63% of samples last 6 k with
269 1.25+1.26 species). This is similar to what has been found overall for a circumpolar study of
270495 samples (1.86 taxa, 63% of samples), and higher than found in lake sediments (38% of
271samples with 0.69 taxa, 3, suggesting that our methods worked well. Thus, the low carnivore
272detection may be related to low biomass abundance, leaving only scattered sedaDNA that is
273challenging to detect.

]
0
3 [ s
K] 2 g
3 5 £ o @
3 ¢ 8 2 £ 8 2 E 2 3 2
g g 2 % 5 o g EE: 2
g S
5 « 32 E 8 o S s S g
2 = 2 ; 5 £ 2 k] § S5 © £
E 2 3 s s E s 5 T2 g o s
s £ 8 | 3 £ 3 _ o o E 8 ;8 g 4 =
s g 2 5 3 5§ % ¢ T 5 & @ 5 8 2 3
2 E 3 T £ = 3 £ &8 § £ § & 2 38 5 s
§ © o s £ % 5 ¢ s & 2 2 2 2 S 2 § 2 8 5 5 § £ g
o 1%} (V] 1 (s} [3] a < = < < = < < = = <
00 p—
05 - = - R (- - 1=
o5 = ==
15 e o -
< 20 e - =
& 25 - (o
8 30 f’ r
= 35 | — | —
a 4o e ppnell RS S
o a5 =
5% JF — —_
® 55 =
29 60 -
» 65
43 e
g 75 JF -
;ao L
2 o JF
8 o5
2 100  —
© 105
O 110
'gﬂﬁ
12 |-
3 125 - ==
3 130
2 s
= 140
145
15.0
155
16.0
1 1 1 e e e e e e e e e e e 11 1
6 8 8 2 8 3 8 hl 2 1 3 1 2 1 1 10 10 10 A 1 3 10 2 20 80 50 80 3 3 2
278 From left: Frog, Fish, Birds & terrestrial Mammals
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285 Supplementary Fig. 4.1 Identification of animals in ten sediment cores from N Fennoscandia.
286 The quanitification is given as numbers of PCR repeats (1-8); note the difference in scale

287 between taxa. a Terrestrial and freshwater vertebrates (green=amphibian, purple=fish,

288 yellow=bird, brown=mammals). b, Freshwater invertebrates (blue) including worms (grey,
289 mostly assumed to be freshwater/terrestrial). ¢, Marine organisms (green=invertebrate,

290 purple=fish, and blue=mammal).

291

29295. Comparison of bone and sedaDNA records

293 Of the 12 mammal taxa identified, all were recorded in sedaDNA and eight were recorded as
294bones. Note that quantification is uncertain based on both methods, but the bone records
295were clearly strongly biased towards reindeer (Supplementary Fig. 5.1), which, based on the
296 bone record, is assumed to have been a major part of the human diet in the region *.
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302 Supplementary Fig. 5.1 Relative abundance of taxa detected in sedaDNA (% of repeats) and
303 bone fragments (% of fragments). a, All mammals. b, Excluding reindeer.

304

3050. Animal frequency over time

306 Both numbers of samples and numbers of animals detected increased towards the present
307 (Supplementary Fig. 6.1a-b). However, the proportion of samples that contained the total
3esrecord of mammals, or the individual species (reindeer, Norwegian lemming, grey-sided vole,
309 willow ptarmigan and frog) also increased towards the present (Supplementary Fig. 6.1c-h),
310showing that the increase is not only due to sampling effort. Moreover, as the sedaDNA
311quality was stable over this time period 2, we assume that the increase in detection
312represents a true increase in occurrences, as also seen by the increase in sites where
313reindeer was detected (Supplementary Fig. 6.2).

314

315
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324Supplementary Fig. 6.2. Reindeer appearance at the nine sites it was recorded (there were no
325records of reindeer from Nesservatnet on the island Argya). Lake Jgkelvatnet is on a
326 peninsula where dispersal is limited by a glacier and steep hillsides, Langfjordvannet is on the

327northern island of Arngya, and lake Kuutsjévri is presently dominated by spruce and pine

328 forest.
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331 7. Plant-herbivore co-occurrence networks

332 We plotted co-occurrence networks for significant co-occurrences across three methods only
333(Fig. 2), and for 75% co-occurrences (Supplementary Fig. 7.1). We show all 1474
334co-occurrence in Supplementary Table 6 along with the plant traits and significant levels
335according to our different tests. We are not aware of any similar data even for the present
336 that shows plants-herbivores co-occurrence, but the patterns fit with the habitat description
337of individual species as for example described in the Norwegian encyclopaedia Store Norske
338Leksikon (https://snl.no/*).

339

340 7.1 Reindeer co-occurrence

341 Reindeer showed both significant and >75% co-occurrence with Empetrum nigrum,

342 Rubus/Fragaria (presumably Rubus chamaemorus), Juniperus communis and Pinus
343 sylvestris. These plant taxa appeared before reindeer, although Pinus sylvestris did not
344 appear regularly until 10.3 ka cal BP and V. myrtillus appeared 10.5 ka cal BP

345 (Supplementary Table S6, #%). Most of these taxa are known as common food plants to
346 reindeer ¥4, Reindeer further showed >75% co-occurrence the common food plants
347 Vaccinium myrtillus, V. uliginosum, V. vitis-idaea, Betula, and Salicaceae.. The plants
348 co-occurring with reindeer have generally wide habitats, but there is a high proportion of
349 graminoids and woody species mainly growing in sub-alpine or forest.

350

351 7.2 Grey-sided vole co-occurrence

352 There were 21 plant taxa with >75% co-occurrence with grey-sided vole, 12 of them
353significant. This included tall forbs such as Angelica archangelica, Trollius europaeus, and
354 Filipendula ulmaria as well as several ferns and trees and small forbs. All except threeof
355these were present prior to first detection of grey-sided vole. There were 37 additional plant
356 taxa showing significant co-occurrence with grey-sided vole, 22 of them arriving after the first
357 appearance of grey-sided vole. Important food plants as Empetrum nigrum, Vaccinium
3sguliginosum, V. myrtillus, and V. vitis-idaea were identified as significant in two of the three
359 approaches whereas Betula and Salicaceae were co-occurring in almost all samples but not
360 significantly. The 75% co-occurring plant taxa represent all growth forms and a wide range of
361 habitats from arctic-alpine like Oxyria digyna and Harrimanella hypnoides to boreal like

362 Pinus sylvestris, Linnea borealis and Matteuccia struthiopteris.

363

364 7.3 Norwegian lemming co-occurrence

365 There were 14plant taxa that showed 75% or more co-occurrence with Norwegian lemming,
366 but only one of them significantly accordign to all three test (Gymnocarpium). Other taxa with
36775% co-occurrence inluded Vaccinium uliginosum, Empetrum nigrum, Betula,

368 Gymnocarpium, Carduinae, Juniperus communis, Rubus/Fragaria (presumabley Rubus

369 chamaemorus), Solidago virgaurea and Saussurea/Lactuca. The former four are also found
37ein Norwegian lemming diet *'*2. There were a further five plant taxa with >75%

371 co-occurrence of which Salicaceae, Vaccinium myrtillus, V. vitis-idaea and Bistorta vivipara
372are known food items *'“? and Sorbus aucuparia a likely food item. A further 26 plant taxa
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373showed significant co-occurrence according to all three test. These include food plants like
374 Rumex and several graminoids, and overall a large species typical for low to high alpine
375sites like Silene acaulis, Diapensia lapponica and Orojuncus trifidus.

376

377 7.4 Willow ptarmigan

378 There were 19 plant taxa that showed 75% or more co-occurence with willow ptarmigan,

379 This included many species with berries: Sorbus aucuparia, Juniperus communis,

380 Vacconium vitis-idaea, V. myrtillus, V. uliginosum, Empetrum nigrum and Rubus/Fragaria
381 (presumabley Rubus chamaemorus). Further, tall (Angelica archangelica, Filipendula
382ulmaria) and small (Bistorta vivipara, Solidago cf virgaurea, Saussurea alpina) and a small
3s3fern (Gymnocarpium), as well as the alway precent Betula and Salicaceae. The Vaccinium
3g4species and Empetrum are also found in eDNA analyses of diet in the region, whereas

385 Bistorta is an important food item in general for ptarmigan “*#4. A further 17 taxa showed

386 significant co-occurrence according to all three tests (Supplementary Table S6). T. Of the 22
3g7plant taxa that showed significant co-occurrence, 9 arrived after willow ptarmigan.

388
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393 Supplementary Fig. 7.1. Herbivore network for 75% co-occurrence. a, Late Glacial
394(12.8-11.7 ka BP). b, Early Holocene (11.1-8.3 ka BP). ¢, Middle Holocene (8.2-4.259 d,
395 Late Holocene (24.25 ka cal BP). Animal symbols as in Fig. 1. The omnivore brown bear is
396 here plotted as a herbivore.
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401 7.5 Strength of plant-herbivore associations

402 To further explore whether there were consistent differences in the vegetation in samples
4p3were herbivores were present or not detected, we tested for differences in plant species
4p4richness (number of terrestrial vascular plants detected) between samples with and without
apsreindeer or small rodents, as well as differences in the relative abundance (proportion of

406 reads) of forbs and graminoids in the vegetation. Both forbs and graminoids are preferred
407food items of herbivores and plant groups that have been shown to benefit from

408 herbivory.Reindeer were marginally associated with plant communities with higher richness
409 and occurred with slightly higher abundance of graminoids (richness: 1.199; Standard error
410 SE = 0.100; 95% confidence interval Cl =-0.015 - 0.379; z = 1.807; p = 0.071. Proportion of
a11reads: 0.027, SE = 0.013, 95% CI = 0.001 - 0.053; z = 2.070, p = 0.039; Supplementary Fig.
4126.5a), whereas the six small rodents taken together were associated with plant communities
413with higher vascular plant richness, especially forb richness (valscular plant richness: 0.089;
414SE = 0.028; 95%CIl = 0.033 - 0.144; < = 3.14, p = 0.002. Forb richness: 0.115; SE = 0.042;
41595%CI = 0.032 - 0.197; < =2.732; p = 0.006) Supplementary Fig. 6.5b). The difference in
416 mean species richness values was low, suggesting that the interaction between plants and
417 herbivores was not a very important driver of plant richness patterns (Fig. 1a). This finding is
418in strong contrast to the Alps, where a strong increase in species richness, especially the
419forb component of plant communities, was reported in response to the introduction of

420 domesticated mammals “°. Northern Fennoscandia is the region with the greatest number of
421 studies on Arctic contemporary herbivores, and the majority of those show low impact of

422 herbivores on plant community compositions, likely because the winter conditions keep

423 herbivores at low densities 6. Thus, our findings of past plant-herbivore associations confirm
424the general findings based on contemporary studies.
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427 Supplementary Fig. 7.5 Relationships between herbivore presence and plant abundance
428 and richness for selected plant growth forms (forbs and graminoids). a, Impact of reindeer
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429 (Rein; Rangifer tarandus), and b, impact of all small rodents (Rod) found in the region. From
430 the top left: Norwegian lemming (Lemmus lemmus), grey-sided vole (Myodes rufocanus),
431 short-tailed field vole (Microtus agrestis), tundra vole (Microtus oeconomus), wood lemming
432 (Myopus schisticolor) and European water vole (Arvicola amphibius).

433

2328. Niche change for individual species

435

4368.1 Changes in niche sizes

437 Both niche size (Supplementary Fig. 8.1) and niche dimensions (Supplementary Figs.
4388.2-8.6) changed over time. Below, we provide some comments on the individual species,
439whereas the overall pattern is displayed and described in the main text.
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451 Supplementary Fig. 8.1. Niche size for different niche dimensions and time periods for each
452 0f five species. a, Climatic niche, b, abiotic plant traits, ¢, plant taxonomic diversity, e, plant
453 functional groups.

4548.2 Reindeer niche

455 The single niche dimension that predicted reindeer occurrence best was annual

456 precipitation, followed by taxonomic diversity NMDS dimension1, July temperature and

457 functional diversity NMDS dimension 4 (Fig.3a). The set of niche dimensions that explained
458the occurrence of reindeer best was climate (44%) followed by plant taxonomic diversity
459 (26%), whereas plant abiotic traits and plant functional groups explained 14-15%. Reindeer
460 mainly occurred in samples with annual precipitation below 550 mm and July temperature of
46110-15°C.

462

463 There were large changes in niche dimensions, especially the climate niche, with less than
46420% probability of overlap among 8 of the 12 comparisons among time periods

465 (Supplementary Fig. 8.2a). There was less shift in abiotic traits based on plants, with about
466 90% probability of the niche from Late Holocene being found within the present day niche
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467 (Supplementary Fig. 8.2b). Similarly, the largest shifts in plant taxonomic diversity and plant
aegfunctional traits were from Early to Middle and Middle to Late Holocene, with a smaller shift
469 from Late Holocene to the Historical time period (Supplementary Fig. 8.2c, d). When all 15
a7oniche dimensions were analysed together, the largest change in niche was between the two
471 most recent periods compared to the two oldest periods (Supplementary Fig. 8.2e).

472

473 The size of the climatic and abiotic niche are significantly increasing in the last 650 years,
a74probably because humans brought the reindeer to new sites where they do not occur
a7snaturally. This is further confirmed by their occupation of almost all environmental space for
476 climate, abiotic traits and plant taxonomic diversity, whereas their niche sizes in earlier

477 periods only occupy a fraction of the environmental spaces (Fig. 3).

478

479 Reindeer have large ranges and show annual migration between different habitats. Their diet
480is broad, with a high number of vascular plants, bryophytes and lichens identified *°#’, and
481their most common food items are widespread in the region. In contrast, their heat tolerance
482is low *® and the accessibility of food may be limited by snow and ice during winter *. This
483might explain why climate niche dimensions seem more important than vegetation for
484reindeer.

485

486

487

488

489

490

491

492

493
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507 Supplementary Fig. 8.2. Niche stability over time for reindeer (Rangifer tarandus) based on
508 a, climate niche dimension, b, climate and other abiotic conditions inferred from the traits of
509 plants present, ¢, vegetation attributes with emphasis on taxonomic richness, d, vegetation
510 attributes using with emphasis on abundance of plant functional composition, e, all 15 niche
511dimensions summarised using 3 PCA axis representing 70% of the variation. The bar plots
512 represent the posterior probability that an individual from the time period indicated by the row
s13will be found within the niche of the time period indicated by the column header.

514

5158.3 Grey-sided vole niche

516 Grey-sided vole occurrence was best predicted by taxonomic diversity NMDS dimension 1
517 followed by abiotic traits dimension2 and taxonomic diversity NMDS dimension 2. The niche
s18that best explained its occurrence was taxonomic dimensions (48%), followed by plant

519 abiotic traits (24%), plant functional groups (15%) and climate (13%) (Fig. 3).

520

521 There were large changes in all niche dimensions over time. The probability of finding the
522 niche of Late Holocene or Historical period in the Middle Holocene was close to zero
523whereas there was less change in climate niche between Late Holocene and the Historical
524 period (Supplementary Fig. 8.3a). A very similar pattern was seen for abiotic plant traits,

525 plant taxonomic diversity and plant functional groups (Supplementary Fig. 8.3b-d) and all 15
526 niche dimensions combined (Supplementary Fig. 8.3e). The probability to find the Historical
527 niche dimensions in Late Holocene was medium for climate (~50%), and high for the other
528 sets of niches and the combination of all 15 niche dimensions (60-85%).

529

530 The size of the plant abiotic traits and plant taxonomic diversity niche was largest in Late
531 Holocene and decreased the last 650 years (Supplementary Fig. 8.1). This is surprising,
532given that the proportion of samples with grey-sided voles increased towards the present,
533but we do note that the frequency was also high around 4000 years ago (Supplementary Fig.
5346.1e). The climatic niche showed minor change over the same period, suggesting that the
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535reduction is related to biotic interactions. A reduction could potentially be caused by human
536 mediated range expansion and population increase of reindeer, as these species show
537increased overlap over time (see below). This contradicts contemporary co-occurrence

538 studies based on faeces counts that suggest that reindeer may facilitate small rodents *°,
539 although rodents were not distinguished to species, and therefore it is uncertain if this

540 applies to grey-sided vole. The increase in niche overlap may not exclude other causes for
541 niche size reduction in grey-sided vole, for example increased predation or competition from
5420ther rodents.

543

544
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557

558 Supplementary Fig. 8.3. Niche stability over time for grey-sided vole (Myodes rufocanus)

559 based on a, climate niche dimension, b, climate and other abiotic conditions inferred from
560 the traits of plants present, ¢, vegetation attributes with emphasis on taxonomic richness, d,
561 vegetation attributes using with emphasis on abundance of plant functional composition, e,
se62all 15 niche dimensions summarised using 3 PCA axis representing 70% of the variation.
563 The bar plots represent the posterior probability that an individual from the time period
se4indicated by the row will be found within the niche of the time period indicated by the column
565 header.

566

5678.4 Norwegian lemming niche

568 The occurrence of Norwegian lemming was best predicted by plant taxonomic richness
569NMDS dimension 2, followed by annual precipitation, plant taxonomic diversity NMDS
s570dimension 1 and snow cover. Overall, the occurrence of Norwegian lemming was marginally
571 better predicted by plant taxonomic diversity (37%) than climatic niche dimensions (33%),
s572whereas plant functional groups and abiotic traits predicted 19% and 11%, respectively (Fig.
5733).

574

575 The pattern of change in climate niche dimension of Norwegian lemming is surprisingly

576 similar to that of grey red-sided vole: the probability of finding the niche of Late Holocene or
577 Historical period in the Middle Holocene was close to zero whereas there was less change in
578 climate niche between Late Holocene and the Historical period (Supplementary Fig. 8.4a).
579 The change in abiotic plant traits was similar to that of climate (Supplementary Fig. 8.4b),
s5geand also to that of grey red-sided vole (Supplementary Fig. 8.3b). Similarly, there was close
581to zero probability of finding the plant functional niche of the Middle Holocene in later

582 periods, whereas the overlap was somewhat higher for plant abiotic traits and plant
sg3taxonomic diversity (Supplementary Fig. 8.4b-d). The probability of finding the niche from the
584 Historical period in the Late Holocene was low for climate niches (~21%) but high for the
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585three others (60-80%) as well as the combination of all 15 niche dimensions (~81%,

586 Supplementary Fig. 8.4).

587

588 The abiotic and plant taxonomic diversity niche dimensions were largest in Late Holocene
589and a similar trend was also seen for plant functional type niche dimensions (Supplementary
590Fig. 8.1). This was also the overall pattern based on all 15 individual niche dimensions (Fig.
5913c). Thus, similar to grey-sided vole, the niche decreased in the last 650 years whereas the
592 niche overlap with reindeer was high 88-94% (Supplementary Table S7).

593

594
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609 Supplementary Fig. 8.4. Niche stability over time for Norwegian lemming (Lemmus lemmus)
610 based on a, climate niche dimension, b, climate and other abiotic conditions inferred from
611the traits of plants present, ¢, vegetation attributes with emphasis on taxonomic richness, d,
612 vegetation attributes using with emphasis on abundance of plant functional composition, e,
613all 15 niche dimensions summarised using 3 PCA axis representing 70% of the variation.
614 The bar plots represent the posterior probability that an individual from the time period
615indicated by the row will be found within the niche of the time period indicated by the column
616 header.

617

6188.5 Willow ptarmigan niche

619 The single niche dimension that predicted the occurrence of willow ptarmigan best was plant
620functional group NMDS dimension 4 followed by plant taxonomic diversity NMDS dimension
6211 and abiotic traits PCA dimension 3. The set of niche dimensions that explained the

622 0ccurrence of willow ptarmigan best was plant functional groups (40%) followed by plant
623taxonomic diversity (33%), whereas the climate (13%) and abiotic plant traits (14%) (Fig. 3).
624

625 The probability of finding the Late Holocene and Historical niche dimensions in the Middle
626 Holocene was <5% for all four sets of niche dimensions and also for the combination of the
62715 dimensions (Supplementary Fig. 8.5). For example, willow ptarmigan occurred at higher
628 mean July temperature in the Early Holocene (12-16°C) than the Middle Holocene and

629 Historical period (10-14°C). The probability of finding the niche dimensions of the last 650
630years in Late Holocene was somewhat higher for plant taxonomic diversity (~60%)
631compared to climate, abiotic traits, and plant functional groups (35-50%), and was low even
632for all 15 dimensions combined (mean ~36%). This is also reflected in the two-dimensional
633 niche rover plots, which show low overlap among periods.

634

635
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649

650 Supplementary Fig. 8.5. Niche stability over time for willow ptarmigan (Lagopus lagopus)
651 based on a, climate niche dimension, b, climate and other abiotic conditions inferred from
652 the traits of plants present, ¢, vegetation attributes with emphasis on taxonomic richness, d,
653 vegetation attributes using with emphasis on abundance of plant functional composition, e,
es4all 15 niche dimensions summarised using 3 PCA axis representing 70% of the variation.
655 The bar plots represent the posterior probability that an individual from the time period

656 indicated by the row will be found within the niche of the time period indicated by the column
657 header.

658 8.6 Frog niche

659 Like for reindeer, the single niche dimension that predicted frog occurrence best was annual
660 precipitation, followed by taxonomic diversity NMDS dimension1. Other important predictors
661 were taxonomic diversity NMDS dimension 3 and plant functional groups NMDS dimension 2
662 (Fig. 3). Also, similar to reindeer, the set of niche dimensions that explain the occurrence of
663frog best was climate (39%) followed by plant taxonomic diversity (29%), whereas plant

664 functional and plant abiotic traits explained 13% and 18%, respectively.

665

666 Except for the climatic niche (Supplementary Fig. 8.6a), there was more overlap between the
667 Late Holocene and Middle Holocene niche for frog than for the terrestrial herbivores, with

668 ~50% probability for abiotic plant traits, taxonomic plant diversity and plant functional groups
669and 40% for all 15 dimensions combined (Supplementary Fig. 8.6b-e).

670

671As frog is both a carnivore and has exothermal regulation of body heat, it is not surprising
672that the climate niche dimensions predicted the occurrence best. Nevertheless, plant
673taxonomic diversity was the second most important niche dimension, probably reflecting

674 characteristics of the habitat. For frog, we included the aquatic plants, and they may be good
675indicators of both biotic and abiotic conditions in the lake *'. Thus, the importance of

676 taxonomic diversity of plant may be due to aquatic plants reflecting habitat conditions
677adequate for the frog.
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691 Supplementary Fig. 8.6. Niche stability over time for frog (Rana temporaria) based on a,

692 climate niche dimension, b, climate and other abiotic conditions inferred from the traits of

693 plants present, ¢, vegetation attributes with emphasis on taxonomic richness, d, vegetation
694 attributes using with emphasis on abundance of plant functional composition, e, all 15 niche
695 dimensions summarised using 3 PCA axis representing 70% of the variation. The bar plots
696 represent the posterior probability that an individual from the time period indicated by the row
697 will be found within the niche of the time period indicated by the column header.
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9s9 Change in environmental space

699 The environmental space changed over time for all four sets of niche dimensions

700 (Supplementary Fig. 9.1). The climate (mean annual temperature, temperature variability,
701annual precipitation and mean July temperature) was unstable in the Early and Middle

702 Holocene, and there was also most uncertainty in estimating the climate environmental

703 space in these periods. Climate variability, especially annual precipitation and mean July
704temperature, narrowed from the Middle Holocene until present. There was less than 50%
7o50verlap between the last 650 years and the periods prior to 4.25 ka. The environmental

706 space estimated from abiotic plant traits also showed the largest change between Early and
707 Middle Holocene compared to Late and Historical period, but the overlap in environmental
708 space was higher (70-90% for most comparisons). Thus, in terms of abiotic factors, there
709was a relatively larger change in climate than in other abiotic factors such as nitrogen,

710 phosphate, pH and light.

711

712 The taxonomic richness showed the largest change from a wider taxonomic niche in the

713 Early Holocene that only showed a mean overlap of <30% with later periods. As the peak
714arrival of plants was around 12 ka 28, the change is likely not due to limited data in the early
715 period but rather represents a shift from a mixture of tundra and boreal habitats to boreal
716 vegetation dominating most sites. In contrast, the plant functional dimensions, which
717emphasise the abundance of different plant groups, showed higher overlap in niche
718dimensions and mean probability of overlap of 50% or higher in all cases, probably reflecting
719that different plant species may fill the same function over time.

720

721 When evaluating all 15 niche dimensions, the largest change was between the two earliest
722time periods compared to the two recent periods (Supplementary Fig. 9.1e). Especially, the
723 probability of finding the environmental space of the Early Holocene was low for the Late
724 Holocene (~38%) and Historical period (~20%), whereas the probability of finding the
725environmental space of the Middle Holocene in Late Holocene and the Historical period was
726 somewhat higher (40-60%).

727

728
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743
744

745 Supplementary Fig. 9.1. Changes in environmental space based on a, climate niche

746 dimension, b, climate and other abiotic conditions inferred from the traits of plants present, c,
747 vegetation attributes with emphasis on taxonomic richness, d, vegetation attributes using

748 with emphasis on abundance of plant functional composition, e, all 15 niche dimensions

749 summarised using 3 PCA axis representing 70% of the variation. The bar plots represent the
750 posterior probability that ecological conditions from the time period indicated by the row will
751 be found within the time period indicated by the column header.

752

75310 Niche overlap among key herbivores

754 For the Middle Holocene, there was a high probability to find willow ptarmigan within the
755niche of reindeer for the four categories of niche dimensions as well as the combination of all
756 (68-90%, Supplementary Fig. 10.1). There was also a medium high probability to find

757 grey-sided vole in the abiotic niche and functional diversity niche of lemming and reindeer
758 (50-60%), whereas the overlap was otherwise low.

759 Increasing niche overlap was seen in the Late Holocene where the probability of finding any
760 Of the four herbivores within the niche of each of the others were 60-80% for most niche
761dimensions, and ~90% for finding any of the three others within the abiotic traits and plant
762taxonomic dimension niche of Norwegian lemming (Supplementary Fig. 10.2). When
763combining all 15 niche dimensions, there was 70-83% chance to find any of the three other
764 herbivores within the niche of willow ptarmigan, 50-60% to find them within the niche of
765Norwegian lemming, 58-68% to find them within the niche of reindeer and 80-85% mean
766 probability to find them within the niche of grey-sided vole.

767 For the Historical period (Supplementary Fig. 10.3), the niche overlap was more complex
768than in the Late Holocene. The probability to find any of the herbivores within the climatic
769 niche of others was still 60-80% except for a lower probability to find willow ptarmigan and
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770reindeer within the climatic niche of Norwegian lemming, and a ~90% probability to find any
771 0f the smaller herbivores within the climatic niche of reindeer. For abiotic traits, there was a
772high probability (91-95%) of finding the smaller herbivores within the niche of reindeer,
773whereas the probability to find reindeer within the smaller niches of Norwegian lemming and
774grey-sided voles was only 45% and 20%, respectively. For plant taxonomic diversity, the

775 probability of finding reindeer within the niche of any of the smaller herbivores was low

776 (10-25%), in contrast to 80-97% probability of finding the smaller herbivores within the
777taxonomic niche dimension of reindeer. There was also a low probability of finding willow
778 ptarmigan and Norwegian lemming within the plant taxonomic niche of grey-sided vole,
779reflecting the overall narrower niche width of grey-sided vole. In contrast, there was a high
780 probability of finding willow ptarmigan and grey-sided vole within the taxonomic niche of
781lemming. For plant functional groups, there was medium to high overlap among all

782 herbivores (50-92%). When combining all 15 niche dimensions, the probability of finding any
783 0f the herbivores within the niche of the smaller herbivores was slightly lower than in the

784 Late Holocene, whereas the probability of finding the smaller herbivores within the niche of
785reindeer increased from 58-68% in the Late Holocene to 87-92% in the Historical period.

786
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8o3Supplementary Fig. 10.1. Niche overlap among key herbivores during Middle Holocene
804 based on a, climate niche dimension, b, climate and other abiotic conditions inferred from
8os the ftraits of plants present, ¢, vegetation attributes with emphasis on taxonomic richness, d,
806 vegetation attributes using with emphasis on abundance of plant functional composition, e,
go7 all 15 niche dimensions summarised using 3 PCA axis representing 70% of the variation.
808 The bar plots represent the posterior probability that a species indicated by the row will be
809 found within the niche of the species indicated by the column header.
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827 Supplementary Fig. 10.2. Niche overlap among key herbivores during Late Holocene based
8280n a, climate niche dimension, b, climate and other abiotic conditions inferred from the traits
829 of plants present, ¢, vegetation attributes with emphasis on taxonomic richness, d,

830 vegetation attributes using with emphasis on abundance of plant functional composition, e,
g31all 15 niche dimensions summarised using 3 PCA axis representing 70% of the variation.
832 The bar plots represent the posterior probability that a species indicated by the row will be
833 found within the niche of the species indicated by the column header.
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853Supplementary Fig. 10.3. Niche overlap among key herbivores during Historical time (last
854 650 years) based on a, climate niche dimension, b, climate and other abiotic conditions
8ssinferred from the traits of plants present, ¢, vegetation attributes with emphasis on taxonomic
856 richness, d, vegetation attributes using with emphasis on abundance of plant functional

857 composition, e, all 15 niche dimensions summarised using 3 PCA axis representing 70% of
858 the variation. The bar plots represent the posterior probability that a species indicated by the
859 row will be found within the niche of the species indicated by the column header.

860

861

8211 Lemming and tundra vole 16S reference sequences

863We supplemented our EMBL-derived animal 16S reference library with three sequences
ge4from Norwegian lemming (Lemmus lemmus), Siberian lemming (Lemmus sibiricus), and
g65tundra vole (Microtus oeconomus). The Norwegian lemming sequence was previously

866 presented in 52, whereas the Siberian lemming sequence was provided by David Diez del
867 Molino and Love Dalén (Swedish Museum of Natural History/Stockholm University,

868 Sweden).

869

870 Although a genome assembily is available for the tundra vole (NCBI RefSeq

871 GCA_007455595.1), the mitochondrial genome is not included. We therefore searched the
g72underlying raw sequence data used to generate this genome (NCBI BioProject
873PRJNA5S51187) to extract a tundra vole 16S sequence for use in the reference library. To do
g74this, we grep-searched the raw sequence data for both the forward and reverse 16S P0O07
g75primer sequences ** in both the forward and reverse complement orientations (for four

g76 searches in total). We then compiled the recovered reads and converted them to the same
g77orientation. The reads were converted to FASTA format, aligned using the clustal algorithm
878in SeaView v4 *°, and a 90% majority-rule consensus sequence was generated in SeaView.
879 Due to the short length of the barcode, this strategy allowed for the complete reconstruction
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ggoof the targeted 16S region. The consensus sequence was then trimmed to the barcode
gg1coordinates and the reconstructed barcode underwent an NCBI BLAST search against

882 PRJUNA5S51187, which had multiple 100% matches. Since this reference sequence was
gg3generated, a further three tundra vole 16S sequences are now available on NCBI Genbank
884(ON165388, ON165345, ON165278), which altogether have seven variable positions, of
8gswhich only one is unique to the sequence presented here. Altogether, these checks

8ge demonstrate the validity of the reconstructed tundra vole 16S sequence used in our
gg7reference library.

888

889 The three reference sequences used to supplement the reference library were:

890

g891>Lemmus_lemmus_16S_P007

892 TTAATTTCCTGGCCTAACTTATAAACTTATACCTCTACTGAACTAAATAGTAAAGTCATAGG
893CTAGCAATTTC

894>Lemmus_sibiricus_16S_P007

895 TTAATTTCCTGGCCTAACTTATAAACCTATACCTCTACTGAACTAAACAATAAAGTCATAGG
896 CTAGCAATTTC

897>Microtus_oeconomus_16S_P007_reconstructed

898 TTAATTTCCTAGCTTAGCTACCCAACTTACTCCCCTACGGGACCAAAAAGAAAAGAAATAA
899 GCTAGTAATTTC

900

901

902

903
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