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Abstract 16	

 17	

Fossil midge remains in a sediment core from Lake Stowell, a low-elevation lake in coastal 18	

British Columbia, Canada, were used to assess temporal changes in chironomid communities and 19	

to produce quantitative estimates of mean July air temperature (MJAT) for the past 14,000 years 20	

based on two different transfer functions. Chironomid assemblages are diverse throughout much 21	

of the record, with most taxa present at low relative abundances. The basal portion of the 22	

sediment record is characterized by low head capsule concentrations, taxonomic diversity and 23	

organic matter content, all of which increase towards the early Holocene. Inferred temperatures 24	

suggest a cool late-glacial interval with a minimum MJAT of 12.5 °C, ~2 °C cooler than the 25	

inferred modern temperature. Summer temperatures gradually increased from this minimum until 26	

a brief cooling of as much as ~3 °C relative to modern that coincides with the Younger Dryas 27	

chronozone. An interval of warmer summers with MJAT of ~16-18 °C (2-3 °C warmer than 28	

modern) is inferred between ~10,500 and 8000 cal yr BP. This early Holocene warm period was 29	

followed by generally cooler inferred temperatures in the middle and late Holocene. The midge-30	

inferred temperature record from Lake Stowell is generally consistent with other temperature 31	

reconstructions from the region based on chironomid remains and other climate proxies. This 32	

research underscores the potential of low-elevation, mid-latitude sites for chironomid-based 33	

temperature reconstructions. In order to maximize the availability of modern analogues for 34	

robust temperature reconstructions from similar sites, calibration datasets should be expanded to 35	

include more sites from the warm end of the temperature gradient. 36	

37	
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Introduction 38	

 39	

Fossil chironomid remains preserved in lake sediments are now used routinely to infer changes 40	

in summer air temperature on long ecological timescales. The basis of this approach rests on the 41	

fact that the distribution of individual chironomid taxa and therefore the composition of 42	

chironomid assemblages are strongly related to air and water temperature (Eggermont and Heiri 43	

2012). Other limnological variables such as dissolved organic carbon and total nitrogen 44	

(Medeiros et al. 2015) are also important in controlling the distribution and abundance of 45	

chironomid taxa, but the direct and indirect effects of summer temperature plays an overarching 46	

role (Eggermont and Heiri 2012; Brooks et al. 2012). The development of modern calibration 47	

datasets has allowed this chironomid-temperature relationship to be quantified. In turn, 48	

reconstruction of past temperatures has become a central focus of chironomid-based 49	

paleoenvironmental studies.  50	

 In North America, some of the earliest studies that used fossil chironomids as 51	

paleoenvironmental indicators were conducted in British Columbia (e.g. Walker and Mathewes 52	

1987, 1989a). Quantitative reconstructions of July air temperature have now been published for a 53	

number of sites in southern British Columbia (Palmer et al. 2002; Rosenberg et al. 2004; Chase 54	

et al. 2008). Overall, these studies suggest relatively rapid warming following deglaciation to an 55	

early Holocene thermal maximum, followed by cooling through the late Holocene. All of these 56	

studies were based on lake sediment records from high-elevation, inland sites, typically near or at 57	

treeline. Such sites are regularly the focus of paleoenvironmental studies because treeline 58	

environments are particularly sensitive to environmental change (Battarbee et al. 2002; Huber et 59	

al. 2005). 60	

 Here, we document changes in chironomid communities over the last 14,000 cal yr at a 61	

low-elevation lake on Saltspring Island in coastal British Columbia, Canada. We briefly assess 62	

the use of Chaoborus mandibles as a proxy for past fish presence, and apply two published 63	

transfer functions (Barley et al. 2006; Fortin et al. 2015) to the fossil midge assemblages to infer 64	

mean July air temperatures for south-coastal British Columbia. We compare the resulting 65	

temperature reconstructions to those based on midge records from high-elevation, inland lakes in 66	

the region to evaluate the potential for low-elevation, coastal lakes to serve as robust sites for 67	

midge-based temperature reconstructions. To assess the reliability of the temperature 68	
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reconstructions from Saltspring Island, we tested their statistical significance following Telford 69	

and Birks (2011), verified that fossil assemblages had good modern analogues in the calibration 70	

datasets, and compared the reconstructions to other paleotemperature records from the region, 71	

including those based on proxies other than chironomids. 72	

 73	

Study site 74	

 75	

Lake Stowell (48°46’54”N, 123°26’38”W) is a small lake on Saltspring Island, the largest island 76	

in an archipelago located along the inner coasts of southern British Columbia, Canada and 77	

northwest Washington, USA (Fig. 1). The archipelago sits in the rainshadow of the Vancouver 78	

Island Ranges and Olympic Mountains, to the west and south, respectively. Based on 1981-2010 79	

climate normals, mean daily air temperatures on Saltspring Island range from 2.8 °C in January 80	

to 16.1 °C in July (Environment Canada 2016). Mean annual precipitation is 1070 mm, with 81	

most falling as rain between October and April. 82	

 During the Last Glacial Maximum, the archipelago was covered by the Juan de Fuca 83	

Lobe of the Cordilleran Ice Sheet. Deglaciation began in the region ~17,500 cal yr BP and the 84	

archipelago appears to have been mostly ice-free within about two thousand years (Barrie and 85	

Conway 2002; Mosher and Hewitt 2004). Relative sea level immediately following deglaciation 86	

(~14,350 cal yr BP) was +75 m above present, and then dropped rapidly to a lowstand of up to 87	

-30 m at ~11,000 cal yr BP, before reaching levels comparable to the present in the middle 88	

Holocene (James et al. 2009).  89	

 Lake Stowell is located 1.5 km from the shoreline of Fulford Harbour at 70 m above 90	

present sea level. It has a surface area of 5 ha, a maximum depth of 7.5 m, and a small, poorly-91	

defined inflowing stream in its northeastern corner. Limnological measurements in July 2015 92	

included Secchi depth (2.3 m), pH (7.77), conductivity (103 µS/cm), dissolved organic carbon 93	

(5.6 mg/L), and total organic carbon (5.8 mg/L). Ormond et al. (2011) recorded low chlorophyll 94	

a (1.6 µg/L) and phosphorus (7 µg/L), and high dissolved oxygen (90.8% saturation) at Lake 95	

Stowell in July 2008. Three species of fish (rainbow trout, cutthroat trout, threespine stickleback) 96	

are found in the lake at present. The lake has been stocked with cutthroat and rainbow trout since 97	

1927 and 1974, respectively. 98	

 99	



	 5	

Materials and methods 100	

 101	

Field and laboratory methods 102	

 103	

A 768.5-cm sediment core was collected from Lake Stowell at a water depth of 7.24 m using a 5-104	

cm-diameter Livingstone piston corer. The sediment-water interface and uppermost 70 cm of 105	

sediment were obtained using a clear polycarbonate tube fit with a piston. Loss-on-ignition was 106	

used to estimate organic matter content (%) of the sediment (Heiri et al. 2001). Sediment 107	

subsamples (1 cm3) were taken every 3-8 cm, dried at 105 °C for 20 h, and ignited at 550 °C for 108	

4 h. Magnetic susceptibility was measured every 1-2 cm using a Bartington MS2E high-109	

resolution surface scanning sensor. 110	

 Six AMS radiocarbon ages (14C yr BP) were obtained on plant macrofossils and 111	

calibrated to calendar years (cal yr BP) using the IntCal13 calibration dataset (Reimer et al. 112	

2013). A chronology based on these ages, the Mazama tephra (Egan et al. 2015), and –63 cal yr 113	

BP for the top of the core was built using Stineman interpolation (Stineman 1980) with the 114	

‘stinepack’ (Johannesson et al. 2012) and ‘clam’ (Blaauw 2010) packages in R (R Core Team 115	

2016). 116	

 Chironomid analysis was conducted on sediment subsamples every 2-6 cm to a depth of 117	

611 cm. Below this depth, sediments were more or less barren of midge remains. Subsample 118	

volume varied between 2 and 8.5 cm3 of sediment, although most samples consisted of 2.5 cm3. 119	

Sediments were prepared using a 5-min treatment of warm 5% KOH and gentle washing through 120	

90-µm mesh using distilled water (Walker 1991). Midge remains were hand-picked using 121	

forceps from the >90-µm fraction at 20–40´ magnification, with each sample in a Bogorov 122	

counting tray, and then transferred to coverslips and mounted on slides with Entellan. 123	

 A minimum of 50 complete head capsules were identified per sample, except at 0 cm and 124	

610 cm where this was not possible due to extremely low head capsule concentrations. Midge 125	

remains were identified, primarily to genus or morphotype, using a Zeiss A2 compound 126	

microscope at 200-630´ magnification and following various keys, descriptions and 127	

photographs, including Walker (2007), Brooks et al. (2007), Andersen et al. (2013), and Oliver 128	

and Roussel (1983). Following Walker (2001), taxa given a ‘type’ designation indicate 129	

identification to a morphotype as opposed to species. Identified head capsules were summed and 130	
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are presented as percent composition. Complete head capsules and those with more than half of 131	

the mentum or ligula were counted as one head capsule, and head capsules broken along the 132	

midline of the median tooth were counted as half. Fragments with less than half of the median 133	

tooth or missing the median tooth altogether were considered unidentifiable and were not 134	

included in the sum. Chaoborus mandibles were identified based on the dichotomous key in 135	

Uutala (1990). Each mandible was counted as half of one individual, and data are presented as 136	

percentages based on the sum of all identified midge remains and as concentrations i.e., number 137	

of individuals/cm3. 138	

 139	

 140	

Numerical analyses and paleotemperature reconstructions 141	

 142	

Cluster analysis of the chironomid percentage data was based on taxa that accounted for at least 143	

5% of the sum and was conducted using optimal splitting by sum-of-squares after square-root 144	

transformation of the data. Binary splitting, CONISS and information content techniques 145	

produced similar or identical clusters. Statistical significance of the resulting zones was tested 146	

using a broken-stick model (Bennett 1996). 147	

 Taxonomic diversity was estimated using Hill’s N2, which provides a measure of the 148	

effective number of abundant taxa within each sample (Hill 1973). Taxonomic evenness was 149	

calculated using Simpson’s index, the sum of the squared proportions of taxa in each sample, and 150	

the total number of taxa in each sample (Smith and Wilson 1996). Diversity and evenness 151	

calculations were performed at a common taxonomic resolution, i.e. genus or morphotype. Thus, 152	

these metrics are not equivalent to species diversity, but rather provide generalized measures of 153	

changes in taxonomic diversity and evenness through time. 154	

 Mean July air temperatures at Lake Stowell were inferred using the Barley et al. (2006) 155	

and Fortin et al. (2015) transfer functions. The Barley et al. (2006) calibration dataset includes 156	

145 sites located along a north–south transect from southern British Columbia to Alaska, with 157	

additional sites in the Canadian Arctic Archipelago. The Fortin et al. (2015) dataset spans 158	

northern North America and consists of the 145 sites in Barley et al. (2016) and an additional 159	

289 sites from across Canada and Alaska, with most sites located north of 55° latitude. The 160	

Barley et al. (2006) transfer function is based on identified chironomid head capsules from 63 161	
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taxa, whereas the Fortin et al. (2105) transfer function is based on identified chironomid head 162	

capsules from 70 taxa, as well as unknown head capsules. July air temperature data for both 163	

calibration datasets were obtained from New et al. (2002). In applying these transfer functions to 164	

our data, we discovered a systematic error in the estimates of July air temperature for some sites 165	

in the Barley et al. (2006) and Fortin et al. (2015) datasets that was related to conversion of 166	

coordinates from degrees, minutes and seconds to decimal degrees. These errors were rectified 167	

for our study and the correct July air temperature data for these sites were pulled from New et al. 168	

(2002). Both transfer functions are based on two-component weighted averaging-partial least 169	

squares (WA-PLS) with 9999 bootstraps for cross validation (Barley model: r2boot = 0.84, 170	

RMSEPboot = 1.48 °C, maximum bias = 4.03 °C; Fortin model: r2boot = 0.73, RMSEPboot = 1.87 171	

°C, maximum biasboot = 2.36 °C). Fossil assemblages from Lake Stowell were compared to 172	

modern assemblages in both training sets using squared chord distances (SCD) in the ‘analogue’ 173	

package (Simpson and Oksanen 2016) in R. SCDs greater than the 5th percentile of this 174	

distribution were identified as having poor modern analogues. Statistical significance of the 175	

midge-inferred temperatures was tested (a=0.05) against reconstructions from 9999 transfer 176	

functions trained on random data using the randomTF test in the ‘palaeoSig’ package (Telford 177	

2015). 178	

 179	

 180	

Results 181	

 182	

Sediment stratigraphy and chronology 183	

 184	

The basal portion of the Lake Stowell sediment core (768.5-604 cm) consists of grey clay with 185	

<5% organic matter (Fig. 2). Simple wet mounts of these clays after 10-µm sieving revealed an 186	

abundance of halophytic diatoms (e.g. Thalassiosira, Campylodiscus, Bacillaria socialis), 187	

indicating deposition in a brackish to nearshore marine environment. Light-brown gyttja with 188	

high inorganic content (10-20% LOI) occurs between 604 and 579 cm. Most of the sediment 189	

core (579-0 cm) consists of dark brown gyttja. Loss-on-ignition increases gradually, from 25% to 190	

50% in these organic sediments, with a noticeable drop to 11% that corresponds with the 191	

Mazama tephra (Fig. 2). Magnetic susceptibility is low in the organic sediments and increases 192	
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with depth due to higher inorganic content, reaching 400 SI at 7 m. There is a minor increase in 193	

susceptibility associated with the Mazama tephra. Ash-free bulk density is 0.05 g/cm3, on 194	

average, except in the basal clays where it decreases to ~0.03 g/cm3 (Fig. 2). 195	

 An age-depth model (Fig. 3) constructed from six AMS radiocarbon ages on plant 196	

macrofossils (Table 1), the established age of the Mazama tephra (Egan et al. 2015), and an age 197	

of –63 cal yr BP for the top of the sediment core predicted an age of 14,011 ± 180 cal yr BP for 198	

the base of the organic sediments. This age is consistent with sea level reconstructions for the 199	

region, which estimate that landscapes at the elevation of Lake Stowell (70 m asl) were exposed 200	

by 14,000 cal yr BP (James et al. 2009). Sedimentation rates estimated from the age-depth model 201	

are 0.04 cm/cal yr throughout most of the record, but there is an interval of lower rates (0.02 202	

cm/cal yr) between ~5300 and 3000 cal yr BP. Maximum rates of 0.08 cm/cal yr occur in the 203	

uppermost sediments. 204	

 205	

Chironomid assemblages 206	

 207	

Chironomid head capsules were identified in 119 samples spanning the last 14,200 cal yr. The 208	

mean time span between samples is 120 cal yr and individual samples represent 10 to 45 cal yr. 209	

Cluster analysis identified six statistically significant assemblage zones. The uppermost zone 210	

(5b) was deemed a subzone of the larger zone beneath it (5a), based on similarity in composition 211	

and because it contains only two samples. 212	

 213	

Zone 1: 611 – 571 cm (~14,200–13,170 cal yr BP).  The eight samples in this zone correspond 214	

with inorganic sediments (<20% LOI, Fig. 2) at the base of the sediment core, and are dominated 215	

by taxa in the Tanytarsini tribe, which account for ~40% of the assemblages (Fig. 4). 216	

Dicrotendipes nervosus-type is consistently present at 10-20%. Zone 1 includes taxa at lower 217	

abundances that are found at both warm and cool sites in the calibration datasets. For example, 218	

Sergentia and Cricotopus/Orthocladius, typically found at cool sites, and Glyptotendipes and 219	

Labrundinia, typical of warm sites, each account for 5-10%. There is also a peak in Polypedilum 220	

of 27% at the transition to Zone 2. Head capsule concentrations are relatively low compared to 221	

the rest of the sediment core, but increase from 3 head capsules/cm3 (HC/cm3) at the base to ~23 222	

HC/cm3 at the transition to Zone 2 (Fig. 5), as LOI and bulk density also increase (Fig. 2). 223	
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Assemblages are generally low in diversity, but show a steady increase from 9 taxa at the base to 224	

16 taxa at ~13,500 cal yr BP (Fig. 5). 225	

 226	

Zone 2: 571 – 506 cm (~13,170–11,690 cal yr BP).  The 13 samples in Zone 2 are characterized 227	

by a continued dominance of Tanytarsini, constituting ~30% of the assemblage, and a continued 228	

low-level presence of Sergentia and Cricotopus/Orthocladius (Fig. 4). A single head capsule of 229	

Labrundinia, which is associated with warm summer temperatures, is present at the beginning of 230	

this zone. Pentaneurini and Parakiefferiella bathophila-type increase in abundance to 10% and 231	

5%, respectively. Taxonomic diversity continues to increase from the previous zone, to an 232	

average of 19 taxa (Fig. 5). Head capsule concentrations are almost double that of the previous 233	

zone, with a mean of 37 HC/cm3 and a peak of ~54 HC/cm3 between ~12,750 and 12,400 cal yr 234	

BP that coincides with above average bulk density (Fig. 2) and increasing diversity (Fig. 5). 235	

 236	

Zone 3: 506 – 371 cm (~11,690–8610 cal yr BP).  This early Holocene zone consists of 27 237	

samples and is marked by an increase in Chironomus to a maximum of 27% and up to 9% 238	

Apedilum (Fig. 4). Other taxa typical of warm sites (e.g. Glyptotendipes, Pseudochironomus) 239	

also increase in relative abundance, including Cryptotendipes, which appears for the first time. 240	

Labrundinia reappears at 10,500 cal yr BP and is more or less consistently present (<6%) for the 241	

remainder of the record. Sergentia occurs only sporadically. Head capsule concentrations 242	

decrease from the previous zone to a relatively stable mean of 25 HC/cm3 and there is a 243	

corresponding decrease in diversity (Fig. 5). In general, assemblages are moderately diverse and 244	

even. 245	

 246	

Zone 4: 371 – 174 cm (~8610–3390 cal yr BP).  Zone 4 is the largest zone with 39 samples. Like 247	

Zone 3, assemblages are dominated by Tanytarsini and Chironomus, which reaches 45% at 5600 248	

cal yr BP, coincident with a peak in head capsule concentrations (Figs. 4 and 5). Einfeldia is at 249	

its most abundant, increasing to a maximum of 14% at 6200 cal yr BP. Pentaneurini and 250	

Lauterborniella are present at 5-10%. Parakiefferiella bathophila-type reaches a peak abundance 251	

of 16% immediately before the Mazama tephra, and then persists at lower relative abundances 252	

for the remainder of the record. A number of other taxa (e.g. Apedilum, Einfeldia, Chironomus) 253	

also show marked decreases following deposition of the Mazama tephra. On average, head 254	
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capsule concentrations are highest in this zone, with a mean of 42 HC/cm3 and a maximum 255	

concentration of 94 HC/cm3 at ~5600 cal yr BP (Fig. 5). Diversity in this zone is similar to the 256	

previous two zones, with 17 taxa on average; however, assemblages are generally less even 257	

because of the abundance of Tanytarsini and Chironomus (Figs. 4 and 5). 258	

  259	

Zone 5: 174 – 0 cm (~3390 cal yr BP to the present).  Zone 5 consists of two statistically 260	

significant subzones. Zone 5a contains 30 samples and is characterized by an increase in the total 261	

number of taxa present (Fig. 5). Tanytarsini and Chironomus generally decrease, but remain 262	

abundant (Fig. 4). Pentaneurini occur at frequencies of 10-15% for much of this zone. Taxa that 263	

are typical of warm sites in the calibration datasets generally increase (e.g. 264	

Stempellinella/Zavrelia, Nanocladius, Labrundinia, Lauterborniella) with each accounting for 5-265	

10%. Zone 5b consists of the two uppermost samples, which are characterized by a dramatic 266	

increase in Chironomus to ~60%. Head capsule concentrations gradually decrease towards the 267	

present, descending to 7 HC/cm3 in the two uppermost samples (Fig. 5) of unconsolidated 268	

sediment. Taxonomic diversity and evenness are generally high with a maximum diversity of 27 269	

taxa at ~2600 cal yr BP, although the two uppermost samples are low in both diversity and 270	

evenness because of the dominance of Chironomus (Figs. 4 and 5). 271	

 272	

 273	

Chaoborus mandibles 274	

 275	

Our analysis of Chaoborus mandibles in the Lake Stowell sediment core is limited as a 276	

consequence of the low concentration of remains (Electronic Supplementary Material [ESM] 277	

Fig. S1). Quinlan and Smol (2010) suggested that a representative Chaoborus sample can usually 278	

be obtained from samples with >40 chironomid head capsules. In all but two of our samples, >50 279	

head capsules were retrieved, and in one of the two samples with <50 head capsules, a total of 79 280	

mandibles were retrieved. 281	

 Chaoborus mandibles were found down to a depth of 474 cm (~11,000 cal yr BP), but 282	

only occur consistently in the top 109 cm, i.e. the last 1700 cal yr (ESM Fig. S1). In the two 283	

uppermost sediment samples, Chaoborus mandibles account for 46% and 20% of all midge 284	

remains, respectively. Below this, Chaoborus mandibles exceed 3% only once. Mandible 285	
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concentrations are low with a maximum of only 6 individuals/cm3, which is comparable to 286	

concentrations at some sites (Uutala 1990), but orders of magnitude less than at others (Palm et 287	

al. 2012; Tolonen et al. 2012). Mandibles in most samples are either Chaoborus flavicans or C. 288	

trivittatus. Chaoborus (Sayomyia) occurs sporadically and C. americanus was found only in the 289	

uppermost 6 cm. 290	

 291	

Inferred July temperatures 292	

 293	

The Fortin et al. (2015) and Barley et al. (2006) transfer functions yielded similar estimates and 294	

changes in July temperatures through time (Fig. 6, ESM Table S1). The two reconstructions have 295	

a strong, positive correlation (r = 0.846, p < 0.001) and differ primarily in the magnitude of 296	

inferred temperature change, most notably during the early Holocene. The Fortin model inferred 297	

a larger range of temperatures (11.5–18.6 °C) than the Barley model (12.7–15.9 °C). In both 298	

cases, RMSEP was substantially lower than the range of inferred temperatures. We also tested a 299	

third model by applying the Fortin et al. (2015) transfer function to the 145 sites in the Barley et 300	

al. (2006) calibration dataset. Predictably, this model returned results that were intermediate 301	

between the other two in all aspects. 302	

 In general, both temperature reconstructions infer the lowest temperatures in the most 303	

basal samples, i.e. before 13,400 cal yr BP (Fig. 6). Inferred temperatures increase from this late-304	

glacial minimum, until a brief cooling of up to 3 °C, relative to modern, between ~13,000 and 305	

11,800 cal yr BP. This cooling is more pronounced in the Fortin model, in which inferred 306	

temperatures reach a record minimum of 11.5 °C, compared to a record minimum of 12.7 °C in 307	

the Barley model. Between ~10,500 and 8000 cal yr BP, inferred temperatures increase to 16-18 308	

°C, or up to ~3.7 °C higher than inferred modern temperatures. This early Holocene warm period 309	

is followed by generally cooler inferred temperatures in the middle and late Holocene. Both 310	

reconstructions suggest a minor increase in temperatures about 2000 cal yr BP. 311	

 Significance testing via Telford’s (2015) ‘randomTF’ test indicates that neither model 312	

explains a significant amount of variation in the fossil assemblages compared to that explained 313	

by reconstructions trained on random environmental variables (Fortin model: p = 0.320; Barley 314	

model: p = 0.234) (Fig. 7). The Fortin model, however, performs well in the modern analogue 315	

technique with only 26% of fossil samples having poor analogues in the calibration dataset (Fig. 316	
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7A), compared to almost half of all fossil samples (49%) having poor analogues in the Barley 317	

model (Fig. 7B). Fossil samples without good modern analogues occur sporadically in the Fortin 318	

model, but occur mostly between 12,000 and 9000 cal yr BP in the Barley model, suggesting that 319	

the Barley model performs particularly poorly in this interval. Furthermore, the percentage of 320	

fossil taxa represented in the two training sets varied considerably. A minimum of 88% of taxa in 321	

the individual fossil assemblages are present in the Fortin training set and 71% of fossil samples 322	

have all taxa represented. In contrast, a minimum of 76% of taxa in the fossil samples are present 323	

in the Barley training set and only 8% of fossil samples have all taxa represented. Taxa that are 324	

rare (i.e. with a Hill’s N2 of ≤5) in the training sets contribute up to 9% to individual fossil 325	

assemblages, but most fossil assemblages (~80%) include 0–2% rare taxa. The Fortin model also 326	

has a substantially lower maximum bias (2.36 °C), compared to the Barley model (4.03 °C). 327	

Overall, the Barley model does not perform as well as the Fortin model, despite having a slightly 328	

lower RMSEP. 329	

 330	

 331	

Discussion 332	

 333	

Midge assemblages at Lake Stowell 334	

 335	

Lake Stowell has rich assemblages of chironomids throughout much of its record, with diversity 336	

estimates regularly exceeding 18 taxa/sample. Diverse assemblages are typical of modern 337	

sediments in low-elevation, temperate lakes (Walker and Mathewes 1989b), but have also been 338	

observed in early Holocene sediments at subalpine and high-elevation sites (Palmer et al. 2002; 339	

Porinchu et al. 2003). Most taxa are present at low relative abundances at Lake Stowell, a pattern 340	

that is typical of other lakes in coastal British Columbia (Walker and Mathewes 1989a). 341	

Relatively subtle changes in chironomid community composition through time are in contrast to 342	

some higher-elevation, inland lakes in the region (Smith et al. 1998; Palmer et al. 2002; Chase et 343	

al. 2008), where more marked changes in composition are observed at times of environmental 344	

change. 345	

 Much of the Lake Stowell chironomid record is dominated by taxa in the Tanytarsini 346	

group, most of which belong to Tanytarsus. This group is ubiquitous in western North America, 347	
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although individual species in this group likely have more restricted ranges. The other dominant 348	

taxon, Chironomus, is also common in the region, particularly at low- to middle-elevation sites 349	

(Walker and Mathewes 1989a). Most Chironomus remains at Lake Stowell are C. anthracinus-350	

type. Taxa indicative of cold conditions are uncommon in the Lake Stowell record; only 351	

Sergentia occurs consistently through the late-glacial period. Taxa typical of warm conditions, 352	

e.g. Polypedilum, Glyptotendipes, and Labrundinia, which have temperature optima between 353	

12.6 and 14.7 °C in the calibration datasets, are also present in late-glacial assemblages. 354	

Chironomus, which has a temperature optimum of 11.2 °C in the Fortin et al. (2015) dataset, 355	

increases markedly after 11,600 cal yr BP. Early Holocene assemblages are also characterized by 356	

more subtle increases in taxa associated with warmer temperatures (e.g. Cryptotendipes, 357	

Apedilum, Lauterborniella, Labrundinia). In middle and late Holocene assemblages, the relative 358	

abundance of Tanytarsini decreases and previously infrequent taxa such as Lauterborniella and 359	

Stempellinella/Zavrelia increase. The substantial increase in Chironomus in the uppermost 360	

sediments coincides with increased anthropogenic influence on the lake and surrounding 361	

watershed over the last 100 years. 362	

 363	

 364	

Chaoborus as a proxy for fish presence 365	

 366	

The sedimentary remains of Chaoborus species have been used in paleolimnological studies as a 367	

proxy for fish presence (e.g. Uutala 1990; Lamontagne and Schindler 1994; Uutala and Smol 368	

1996; Palm et al. 2012) and even fish biomass and population density (Tolonen et al. 2012). The 369	

basis for this approach centers on whether Chaoborus species are capable of diurnal migration to 370	

avoid predation by fish, which is the case in C. flavicans and C. trivittatus (Uutala 1990). 371	

Although both of these species are found in lakes with fish, they have also been found in fishless 372	

lakes (e.g. Lamontagne and Schindler 1994, Garcia and Mittelbach 2008), and therefore cannot 373	

be used as definitive indicators of past fish presence. 374	

 The uppermost sediments at Lake Stowell contain the mandibles of four Chaoborus 375	

species, most of which are C. flavicans or C. trivittatus. The prominence of Chaoborus species 376	

that can avoid predation was expected at Lake Stowell, given that the lake hosts natural and 377	

stocked fish populations. Chaoborus americanus mandibles, however, were not expected, as this 378	
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species is regularly reported as being restricted to fishless lakes (Uutala 1990; Walker 2001; 379	

Kurek et al. 2010; Quinlan and Smol 2010). The presence of C. americanus at Lake Stowell and 380	

in other lakes with fish (e.g. Lamontagne and Schindler 1994; Garcia and Mittelbach 2008) 381	

suggests this species is not in fact restricted to fishless lakes, and therefore cannot be used to 382	

infer the absence of fish. The characterization of lakes into broad categories of fish and fishless 383	

using the mandibles of different Chaoborus species appears too simplistic to capture the 384	

limnological conditions that influence Chaoborus populations (Wissel et al. 2003; Quinlan and 385	

Smol 2010). Our results suggest that additional research is needed before reliable inferences 386	

about past fish presence and abundance can be drawn from Chaoborus mandibles alone. 387	

 388	

 389	

Inferred paleotemperatures at Lake Stowell 390	

 391	

Significance testing of the July air temperature reconstructions using the randomTF test (Telford 392	

2015) indicated that neither model was statistically significant; however, this is not uncommon 393	

for paleoenvironmental reconstructions based on midges (e.g. Luoto et al. 2014; Upiter et al. 394	

2014) and other proxies (e.g. Salonen et al. 2013). Payne et al. (2016) applied the same 395	

significance test to 30 reconstructions of water table depth based on testate amoebae and found 396	

that only five were statistically significant, with 18 of the remaining reconstructions having p-397	

values >0.40. Payne et al. (2016) were unable to identify commonalities among the 398	

reconstructions that failed significance testing or among those that passed, and suggested that the 399	

test may simply be overly conservative. 400	

 Poor analogue conditions may be associated with failure of the test, but this does not 401	

appear to be a problem with the Lake Stowell reconstruction based on the Fortin et al. (2015) 402	

transfer function, for which 74% of the fossil samples have good modern analogues. Telford and 403	

Birks (2011) and Luoto et al. (2014) showed that limited variability in reconstructions relative to 404	

the training set may lead to non-significant results. This likely explains the results at Lake 405	

Stowell: the range of inferred temperatures based on the Fortin et al. (2015) transfer function (i.e. 406	

6.5 °C) is substantially lower than the 14.5 °C temperature gradient in this large (n=434) 407	

calibration dataset. Non-significant results do not prove that a reconstruction is unreliable, but 408	

they do suggest that results should be considered along with other evidence about the reliability 409	
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of the reconstruction. Given the good performance of the Fortin et al. (2015) transfer function, 410	

the availability of modern analogues for the majority of the fossil samples (Fig. 7A), the high 411	

representation of fossil taxa in the Fortin training set, and correlations between inferred 412	

temperatures and independent records (Fig. 8), it is likely that the non-significant results at Lake 413	

Stowell are in fact a Type II error (Telford and Birks 2011; Payne et al. 2016), rather than an 414	

indication that the reconstruction is unreliable. 415	

 Temporal changes in inferred mean July temperatures at Lake Stowell are generally 416	

consistent with other midge-based reconstructions from the region (Palmer et al. 2002; 417	

Rosenberg et al. 2004; Chase et al. 2008; Gavin et al. 2013). July temperature estimates at Lake 418	

Stowell, however, are consistently warmer, which is not surprising since nearby reconstructions 419	

are all from inland, subalpine lakes. Changes in temperature at Lake Stowell are also similar to 420	

C37 alkenone-inferred sea-surface temperature reconstructions (Fig. 8D-F) from sites along the 421	

Pacific coast (Barron et al. 2003; Kienast and McKay 2001; Praetorius et al. 2015). Again, Lake 422	

Stowell temperature estimates are consistently warmer compared to sea-surface temperature 423	

estimates, as would be expected. 424	

 In the late-glacial period, low elevation areas in south-coastal British Columbia were 425	

mostly ice-free by 13,200 cal yr BP (Barrie and Conway 2002) and conifer-dominated forests 426	

were well established in the region (Brown and Hebda 2002; Lacourse 2005; Gavin et al. 2013). 427	

Our mean July temperature reconstruction suggests a cool late-glacial interval with temperatures 428	

of ~13.5 °C, or 1 °C cooler than the inferred modern temperature. This is similar to pollen-based 429	

July temperature estimates of ~14°C from Marion Lake (Heusser et al. 1985), which sits at 310 430	

m asl, 90 km northeast of Lake Stowell (Site 7 in Fig. 1). Chironomid studies at higher-elevation, 431	

inland sites infer cooler temperatures at this time. For example, Chase et al. (2008) report 432	

inferred mean July air temperatures of ~8 °C at 1810 m asl in southeastern British Columbia 433	

(Site 1 in Fig. 1). As with other paleoenvironmental studies in the region, paleotemperatures at 434	

Lake Stowell increase through the late-glacial period towards the Holocene. 435	

 Increases in inferred temperature are interrupted briefly by cooling of as much as 3 °C 436	

relative to modern that coincides with the Younger Dryas chronozone (Fig. 8). Climate model 437	

simulations suggest that temporary shutdown of thermohaline circulation in the North Atlantic, 438	

associated with freshwater input from the disintegrating Laurentide Ice Sheet, led to cooling 439	

throughout the Northern Hemisphere through both atmospheric and oceanic connections 440	
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(Mikolajewicz et al. 1997; Okumura et al. 2009). Along the North Pacific coast, it is likely that 441	

the Aleutian low-pressure system intensified as a result.	A Younger Dryas cooling event is 442	

recorded in some pollen and foraminiferal records from coastal British Columbia (e.g. Mathewes 443	

1993; Lacourse 2005), but others show little to no evidence of cooling at that time (e.g. Lacourse 444	

et al. 2005, 2012). Midge-inferred paleotemperature estimates for high-elevation, inland sites 445	

(Fig. 8C) suggest that summers were as much as 2.5 °C cooler than present in interior British 446	

Columbia during the Younger Dryas chronozone (Gavin et al. 2013). Kienast and McKay (2001) 447	

inferred a similar decrease of ~3 °C in sea surface temperatures (Fig. 8E) near the continental 448	

slope, approximately 250 km west of Lake Stowell (Site 9 in Fig. 1). Comparable cooling is 449	

recorded elsewhere along the Pacific coast (Fig. 8D, F), including a 3 °C cooling to the south, off 450	

the coast of northern California (Barron et al. 2003), and a 4 °C cooling to the north, in the Gulf 451	

of Alaska (Praetorius et al. 2015). 452	

 At Lake Stowell, inferred July temperatures regularly exceeded 16 °C between 10,500 453	

and 8000 cal yr BP, coincident with maximum summer insolation (Fig. 8A) and warm, dry 454	

summers across much of the Pacific Northwest, associated with strengthening of the North 455	

Pacific high-pressure system (Heusser et al. 1985; Bartlein et al. 1998; Walker and Pellatt 2003). 456	

Early Holocene temperatures at Lake Stowell are higher than midge-inferred temperatures at 457	

high-elevation, inland sites in British Columbia (Gavin et al. 2013), but are similar to pollen-458	

based temperature estimates from nearby Marion Lake, which also suggest temperatures >16 °C 459	

(Heusser et al. 1985). There is also general agreement in the relative amount of temperature 460	

change. At Lake Stowell, early Holocene estimates exceed modern inferred temperatures by 2-3 461	

°C (Fig. 8B), and similar differences are observed in midge-based reconstructions (Fig. 8C) from 462	

interior British Columbia (Gavin et al. 2013). Sea-surface temperature estimates from the North 463	

Pacific (Barron et al. 2003; Kienast and McKay 2001; Praetorius et al. 2015) and oxygen isotope 464	

records from the Gulf of Alaska (Praetorius and Mix 2014) and central Greenland (NGRIP 2004) 465	

also indicate a warm early Holocene period (Fig. 8D-H). Despite the similarities between 466	

inferred early Holocene temperatures at Lake Stowell and other nearby temperature 467	

reconstructions, as well as the presence of good modern analogues (Fig. 7A), inferred summer 468	

temperatures may well be underestimated. Lake Stowell sits at the warm end of the temperature 469	

gradient in the Fortin et al. (2015) calibration dataset and there are only a few sites in the dataset 470	
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that are warmer than Lake Stowell. Additional sites from warm climates would help clarify 471	

whether early Holocene temperatures at Lake Stowell are indeed underestimated. 472	

 In the middle Holocene, summers were cooler along the North Pacific coast (Kienast and 473	

McKay 2001; Barron et al. 2003; Praetorius et al. 2015) and across much the Northern 474	

Hemisphere (Marcott et al. 2013). Inferred temperatures at Lake Stowell decreased after ~8000 475	

cal yr BP, with estimates fluctuating around 14.6 °C for much of the middle Holocene. This 476	

moderate decrease in temperature following the early Holocene is consistent with cooling 477	

suggested by most paleoenvironmental studies in the region (Walker and Pellatt 2003), and was 478	

likely driven by decreasing summer insolation (Fig. 8A) and intensification of the Aleutian Low 479	

(Bartlein et al. 1998). 480	

 Most paleoenvironmental records from British Columbia suggest continued cooling or 481	

stable temperatures from the middle Holocene to the present (Walker and Pellatt 2003; Kienast 482	

and McKay 2001; Gavin et al. 2013). The Lake Stowell temperature reconstruction suggests 483	

there may have been a short period of slightly higher temperatures ~2500-1800 cal yr BP. 484	

Patterson et al. (2011) reported increasing winter sea-surface temperatures inferred from 485	

dinoflagellate cysts at 2300-2200 cal yr BP in nearby Effingham Inlet (Site 8 in Fig. 1), ~130 km 486	

northwest of Lake Stowell, and suggested that this may be linked to weakening of the southward 487	

flowing California Current that would have facilitated northward movement of warm southern 488	

currents up the coast of British Columbia. The dominating effect of ocean circulation patterns on 489	

sea surface temperatures would likely also influence near-shore climates such as at Lake Stowell, 490	

potentially explaining differences in temperature dynamics between coastal and more continental 491	

sites in interior British Columbia. It is also possible that the changes in chironomid assemblages 492	

that suggest slightly higher temperatures at ~2000 cal yr BP are instead related to increases in 493	

productivity, e.g. higher dissolved organic carbon and/or allochthonous nutrient supply. The 494	

temperature reconstruction based on the Barley dataset suggests increasing summer temperatures 495	

over the last 100 years, but the reconstruction based on the Fortin dataset does not (Fig. 6). This 496	

difference is linked to the abundance of Chironomus (Fig. 4), which has a notably higher 497	

temperature optimum in the Barley dataset (12.9 °C) compared to the Fortin dataset (11.2 °C). It 498	

is likely that the increase in Chironomus remains is associated with recent human-induced 499	

eutrophication at Lake Stowell, rather than temperature alone. 500	

 501	



	 18	

 502	

Conclusions 503	

 504	

Fossil chironomid assemblages at Lake Stowell are dominated by Tanytarsini and Chironomus; 505	

however, assemblages are relatively diverse with many taxa present at low relative abundances. 506	

Our research does not support the use of fossil Chaoborus mandibles as simple indicators of past 507	

fish presence or absence. Additional research is needed in this area. 508	

 Despite subtle changes in the composition of chironomid assemblages over the last 509	

14,000 cal yr, the Lake Stowell record suggests notable changes in summer temperature that 510	

increase our understanding of paleoenvironmental change on the south coast of British 511	

Columbia. Inferred temperatures are coolest in the late-glacial period, but show an increasing 512	

trend before decreasing by as much as 3 °C, relative to modern, during the Younger Dryas 513	

chronozone. The early Holocene was marked by relatively stable temperatures that exceeded 514	

modern by ~2-3 °C. Inferred temperatures generally decrease through the remainder of the 515	

Holocene.  516	

 Sites selected for inferring past temperatures based on fossil chironomid assemblages are 517	

typically located at or near modern ecotones such as treeline, because these sites tend to be 518	

sensitive to environmental change. Mean July air temperatures inferred from fossil assemblages 519	

at Lake Stowell are more or less consistent with other temperature reconstructions from the 520	

region, highlighting the potential for midge-based reconstructions from low-elevation, mid-521	

latitude coastal sites, as others have found (e.g. Whitney et al. 2005; Massaferro et al. 2014). The 522	

Fortin et al. (2015) calibration dataset used for the Lake Stowell paleotemperature reconstruction 523	

covers large latitudinal and elevational gradients, providing good modern analogues for most of 524	

the fossil assemblages. There is a need, however, to expand calibration datasets to include 525	

additional modern sites at the warm end of the temperature gradient. This will help ensure that 526	

fossil assemblages at low-elevation, mid-latitude sites are well represented by a number of good 527	

modern analogues and should further increase the reliability of temperature reconstructions. 528	
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Table 1 AMS radiocarbon ages for Lake Stowell, Saltspring Island, British Columbia 792	
 793	
Depth (cm) Material Lab Code Radiocarbon Age 

(14C yr BP ± 1σ) 
Calendar Age Rangea 

(cal yr BP) 
70–71 Pseudotsuga 

menziesii seed 
and unidentified 
plant material 

Beta-365557 1040 ± 30 920 – 1050 

156–157 Pseudotsuga 
menziesii seed 

Beta-353388 2710 ± 40 2750 – 2880 

231–232 Unidentified seed Beta-283076 4880 ± 40 5490 – 5710 
330.5–332.5 Mazama tephra – – 7580 – 7680 b 

420–421 Poaceae stem Beta-353390 8820 ± 40 9700 – 10,150 
542 Nuphar seed Beta-353392 10,520 ± 50 12,240 – 12,650 
601.5–602 Woody twig Beta-283077 12,100 ± 60 13,780 – 14,120 
a 2σ age range rounded to the nearest 10 yr 794	
b Egan et al. (2015) 795	

796	
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Figure Captions 797	

Fig. 1 Map of southern British Columbia, showing location of Lake Stowell (star) on Saltspring 798	

Island and other sites where Holocene temperatures have been inferred from chironomids 799	

(1-Windy L. [Chase et al. 2008]; 2-Eagle L. [Rosenberg et al. 2004]; 3-Thunder L. [Chase et al. 800	

2008]; 4-North Crater L. and Lake of the Woods [Palmer et al. 2002]; 5-Cabin L. and 3M Pond 801	

[Palmer et al. 2002]; 6-Frozen L. [Rosenberg et al. 2004]), pollen (7-Marion L. [Heusser et al. 802	

1985]), dinoflagellates (8-Effingham Inlet [Patterson et al. 2011]), and C37 alkenones 803	

(9-[Kienast and McKay 2001]) 804	

 805	

Fig. 2 Sediment stratigraphy, magnetic susceptibility, loss-on-ignition (550 °C) and ash-free bulk 806	

density of the sediment core from Lake Stowell, Saltspring Island. Data below 620 cm are not 807	

shown 808	

 809	

Fig. 3 Age-depth model for the sediment core from Lake Stowell, Saltspring Island. Grey bands 810	

show 95% confidence intervals calculated from 10,000 iterations of Stineman interpolation of 811	

the probability distributions of the calibrated radiocarbon ages in Table 1 812	

 813	

Fig. 4 Relative abundance of dominant chironomid taxa at Lake Stowell with zonation based on 814	

optimal splitting by sum-of-squares. Individual sample depths are shown in the Tanytarsus plot. 815	

Taxa are arranged left to right from coldest to warmest temperature optima in Fortin et al. 816	

(2015). Infrequent taxa are not shown. The dashed line in Zone 4 shows the stratigraphic position 817	

of the Mazama tephra 818	

 819	

Fig. 5 Lake Stowell chironomid head capsule concentrations, assemblage diversity and evenness. 820	

Thick black lines are locally weighted regression lines (lowess, span=0.08) 821	

 822	

Fig. 6 Inferred mean July air temperature estimates (±1 standard error) for the Lake Stowell 823	

sediment core, based on the two component WAPLS models in Fortin et al. (2015) and Barley et 824	

al. (2006), which have RMSEP of 1.87 °C and 1.48 °C, respectively. Smoothed lines are locally 825	

weighted regression lines (lowess, span=0.8), which are overlaid in the last panel: thick and thin 826	

lines are reconstructions based on Fortin et al. (2015) and Barley et al. (2006), respectively 827	



	 30	

 828	

Fig. 7 Modern analogue comparisons of the Lake Stowell chironomid assemblages to the (A) 829	

Fortin et al. (2015) and (B) Barley et al. (2006) calibration datasets, based on square chord 830	

distances. In A and B, vertical lines represent the dissimilarity between Lake Stowell samples 831	

and modern sites in the two calibration datasets. Dashed horizontal lines represent the 5th 832	

percentile of dissimilarities, separating good and poor modern analogues. In C and D, histograms 833	

show the distribution of variance in the fossil assemblages explained by 9999 transfer functions 834	

trained on random data for the (C) Fortin et al. (2015) and (D) Barley et al. (2006) transfer 835	

functions. Thick vertical lines represent the proportion of variance explained by the temperature 836	

reconstructions and dashed vertical lines represent the 95% percentile of the null distributions 837	

 838	

Fig. 8 (A) January and July insolation anomalies at 50 °N (Berger and Loutre 1991). (B) Midge-839	

inferred mean July air temperature (MJAT) anomalies and lowess smoothing from Lake Stowell 840	

(49 °N) based on Fortin et al. (2015). (C) Loess smoothing of MJAT anomalies from Gavin et al. 841	

(2013), which is based on four midge records from inland, subalpine lakes in southern British 842	

Columbia (Palmer et al. 2002; Rosenberg et al. 2004; Chase et al. 2008). (D, E and F) Alkenone-843	

inferred sea surface temperatures (SST) for the northeast Pacific Ocean from marine cores near 844	

northern California at 42 °N (Barron et al. 2003), near Vancouver Island at 49 °N (Kienast and 845	

McKay 2001), and in the Gulf of Alaska at 59 °N (Praetorius et al. 2015), respectively. (G) Gulf 846	

of Alaska (59 °N) d18O record (Praetorius and Mix 2014). (H) NGRIP (2004) d18O record. Grey 847	

band marks the Younger Dryas chronozone  848	

 849	

Electronic Supplementary Material Fig. S1 Chaoborus percentages and total concentration 850	

(individuals/cm3) in the sediment core from Lake Stowell, Saltspring Island, British Columbia. 851	

Each Chaoborus mandible was counted as half of one individual. Note changes in scale for C. 852	

(Sayomyia) and C. americanus. Grey shading represents 5× exaggeration 853	

 854	

Electronic Supplementary Material Table S1 Lake Stowell sample depths, sample ages, and 855	

inferred mean July air temperature estimates using the Fortin et al. (2015) and Barley et al. 856	

(2006) transfer functions 857	
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Electronic Supplementary Material Fig. S1 Chaoborus percentages and total 
concentration (individuals/cm3) in the sediment core from Lake Stowell, Saltspring 
Island, British Columbia. Each Chaoborus mandible was counted as half of one 
individual. Note changes in scale for C. (Sayomyia) and C. americanus. Grey shading 
represents 5× exaggeration




