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Key Points: 14 

• A major ecotone in eastern North America, which is linked to the latitudinal temperature 15 
gradient, shifted repeatedly during the Holocene. 16 

• Pollen-inferred temperatures from different latitudes across the ecotone reveal gradient 17 
responses to deglaciation and orbital change.  18 

• Changes at 4.8-3.8 ka also indicate millennial-scale variability with patterns analogous to 19 
the North Atlantic Oscillation. 20 
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Abstract 27 
Changes in vegetation in North America indicate Holocene shifts in the latitudinal temperature 28 
gradient along the western margin of the North Atlantic. Tree taxa such as oak (Quercus) and 29 
birch (Betula) experienced opposing directions of change across different latitudes consistent 30 
with changes in temperature gradient steepeness. Pollen-inferred temperatures from 34 sites 31 
quantify the gradient changes and reconstruct a long-term northward steepening in summer and 32 
southward steepening in winter. From 4.8-3.8 ka, an oscillation in tree distributions interrupted 33 
the long-term trends as a steep temperature gradient developed north of 43.5°N. The shift likely 34 
limited cold outbreaks to the south, producing anomalously high summer temperatures at 42-35 
43.5°N, and enabling a northward expansion of oak forests. The forest and temperature gradient 36 
changes appear consistent with orbital and ice sheet forcing as well as millennial variability in 37 
the North Atlantic pressure field analogous to the North Atlantic Oscillation on interannual time 38 
scales.  39 
 40 

Plain Language Summary 41 
In the Northern Hemisphere, average temperatures decline with latitude as climates cool toward 42 
the pole. Changes in this temperature pattern have significant consequences for weather systems 43 
and ecosystems. Past changes likely impacted the geographic extent of summer warmth and 44 
winter freezing that can determine where tree species can grow. In this study, fossil evidence of 45 
ancient tree distributions revealed how the poleward temperature gradient near the Atlantic coast 46 
of North America fluctuated over the past 11,700 years. Long-term forest and temperature 47 
changes developed in response to the deglaciation of Canada and Earth’s slow orbital changes. 48 
However, a particularly striking change 4800-3800 years ago briefly expanded oak-hickory 49 
forests into mid-latitude highlands otherwise dominated by cold-tolerant northern tree species. 50 
The forest histories demonstrate the potential for ecosystems to change rapidly in the future, but 51 
also how fossil records can reveal poorly understood patterns and processes of millennial-scale 52 
climate variability. Temperature patterns detected here may be analogous to patterns of climate 53 
variability in the North Atlantic region at monthly-to-annual scales. 54 
  55 
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1 Introduction 56 
In the northern mid-latitudes, temperatures decline steeply poleward. The areas of 57 

greatest change along the polar front are associated with westerly jet streams and eco-climatic 58 
transition zones (Bryson, 1966). Their location depends upon topography and surface conditions 59 
(Pielke & Vidale, 1995; Seager et al., 2002), but climate variability such as the North Atlantic 60 
Oscillation (NAO) can modify the summer and winter patterns (Folland et al., 2009; Hurrell et 61 
al., 2003). Orbital changes (Davis & Brewer, 2009; Routson et al., 2019), the intensity of oceanic 62 
overturning circulation (Fastovich et al., 2020; Levesque et al., 1997) and the demise of the 63 
Laurentide ice sheet have also produced long-term changes near the North Atlantic (COHMAP, 64 
1988; Shuman et al., 2002). Additional changes likely developed at millennial scales based on 65 
data from the North Atlantic (Larsen et al., 2012; Orme et al., 2021), Europe (Fletcher et al., 66 
2013; Vannière et al., 2011), and North America (Shuman et al., 2019). In eastern North 67 
America, oxygen isotopes indicate a rapid southward shift in the polar front in the mid-Holocene 68 
(Kirby et al., 2002) when coastal pollen records indicate abrupt changes from Virginia to 69 
Massachusetts (Willard et al., 2005; Foster et al., 2006). However, patterns and processes of 70 
abrupt and millennial-scale climate variation during the Holocene have been hard to diagnose 71 
(Crucifix et al., 2017), potentially because shifts in gradients and frontal movements can create 72 
opposing changes and areas of no change in close geographic proximity.  73 

The sentivity of Holocene tree distributions to both growing season warmth and winter 74 
freezing temperatures can help reconstruct the past temperature gradients (Prentice et al., 1991; 75 
Woodward, 1987). In eastern North America near the North Atlantic, an ecotone between mixed 76 
and broadleaf forests expressed a close association with temperature at the time of European 77 
colonization (Cogbill et al., 2002; Thompson et al., 2013). It angled across the northeast U.S., 78 
approximating the orientation of today’s 8°C mean annual isotherm with respect to latitude, 79 
topography, and proximity to the ocean (Cogbill et al., 2002). However, its position shifted 80 
throughout the Holocene (Oswald et al., 2018) and the earliest palynological studies inferred 81 
temperature changes from these ecotone dynamics (Deevey, 1939). Because direct comparisons 82 
reveal a tight coupling between fossil pollen and independent paleoclimate data (Shuman et al., 83 
2019), the dense network of fossil pollen stratigraphies in the northeast U.S. (Fig. 1a) may help 84 
to document patterns and timescales of Holocene changes in the latitudinal temperature gradient 85 
(LTG) where it is sensitive to the NAO (Fig. 1b-e).  86 

Oak (Quercus spp.) and hickory (Carya spp.) tree populations dominate the broadleaf 87 
forests south of the ecotone and may be particularly useful indicators of past changes in the LTG. 88 
The tree distributions define the ecotone where they trade-off in dominance with cool-tolerant 89 
taxa such as birch (Betula spp.) and hemlock (Tsuga canadensis) to the north (Cogbill et al., 90 
2002). Additionally, oak and hickory differ in their seasonal temperature sensitivities. They have 91 
similar distributions in the northeast U.S. today, but strikingly different historic distributions in 92 
the central U.S. where continental summer and winter temperature gradients differ from each 93 
other; cold continental winters limit hickory’s northern extent more than that of oak (Paciorek et 94 
al., 2016, 2021; Prentice et al., 1991). Changes in the geography of these trees therefore may 95 
provide insight into Holocene changes in the LTG in both summer and winter, including in 96 
association with a long-debated regional decline in hemlock abundance (Davis, 1981; Foster et 97 
al., 2006; Booth et al., 2012). 98 

Here, we use a dense network of 34 pollen stratigraphies to infer summer and winter 99 
temperature changes at different latitudes across the northeast U.S. Mean annual temperatures 100 
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range from <2°C to >12°C across the study area today (Fig. 1a), but we reconstruct changes both 101 
in the absolute range and the shape of the gradient. We evaluate the reconstructions by 102 
comparing them with the regional histories of oak, hickory, birch, and hemlock. The major 103 
patterns of change highlight the ecological significance of millennial-scale climate variability 104 
near the North Atlantic. 105 

 106 

Figure 1. The fossil pollen sites (square symbols in a) span the gradient of modern mean 107 
annual temperatures in the northeast U.S. Additional maps represent modern variability in 108 
the latitudinal temperature gradient (LTG) in the study region (inset boxes in b-e). Maps of 109 
composite mean surface atmospheric pressures show years when the LTG was steepest b) 110 
south of 42.75°N (1960, 1977, 1988, 1999, 2001) and c) north of 42.75°N (1954, 1959, 1968, 111 
1991, 2007). Lower maps represent d) the associated composite mean temperature 112 
differences (LTG steep in north minus steep in south) and e) the correlation coefficeient, r, 113 
between the NAO and mean annual temperature (T) in each U.S. climate division (Vose et 114 
al., 2014). Modern mean annual temperatures across the region (a) are based on 1991-2020 115 
PRISM normals (PRISM 2020); symbol colors indicate the geographical cluster containing 116 
each fossil site. See Supplementary Information for composite anomaly methodology. 117 

2 Methods 118 
Detailed fossil pollen records from Connecticut, Massachusetts, New Hampshire, New 119 

York, Pennsylvania, and Vermont were obtained from the Neotoma Paleoecological Database 120 
(Williams et al., 2018). The records were selected from areas that span the full north-south 121 
temperature contrast between 40-45°N latitude. This range of latitudes was possible from 70-122 
77°W longitude, but not in places to the east, such as Maine. To ensure a wide sampling of the 123 
regional patterns (particularly in the north), we included all radiocarbon dated records that span 124 
at least the past 8 ka (Table S1). We account for uncertainities tied to varying chronological 125 
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control and sample frequency, and reduce local ecological noise, through as much replication as 126 
possible within latitudinal zones and averaging the different time series.  127 

Temporal resolution of the records ranges from >750 to <10 years per sample (95% 128 
range) with a median resolution of 124 years per sample. Chronologies were updated using 129 
Intcal20 in bchron (Parnell et al., 2008; Reimer et al., 2020). Past comparisons of radiocarbon 130 
ages from bulk sediment and terrestrial macrofossils in the same cores in this region reveal few 131 
differences, reducing the need to remove older records from the synthesis (Marsicek et al., 2013). 132 
Although no records stand out as substantial outliers, we identify one highly-resolved record 133 
from each of three latitude zones to verify that the major LTG patterns do not depend upon 134 
confounding elevation-temperature relationships, sampling resolution, or age control. The three 135 
highly-resolved records have similar elevations (300-400 m), sampling frequency (1s range of 136 
45-158 yrs/sample) and age control measured by accelerator mass spectrometry (AMS); they 137 
derive from Sutherland Pond, New York (Maenza-Gmelch, 1997a), Little Pond, Royalston, 138 
Massachusetts (Oswald et al., 2018), and Knob Hill Pond, Vermont (Oswald et al., 2018). 139 

We reconstructed mean summer (June-August) and winter (December-February) 140 
temperatures using the modern analog technique following Marsicek et al. (2013). We compared 141 
each fossil sample to all possible modern analogs from North America east of 95°W using the 142 
squared-chord distance metric (Overpeck et al., 1985). The modern pollen samples and their 143 
associated temperatures derive from Whitmore et al. (2005). For each fossil pollen sample, the 144 
temperatures of the best seven modern analogs were averaged to produce the reconstructed 145 
temperature using the R package, rioja (Juggins, 2019).  146 

Hierarchical cluster analysis of the summer temperature reconstructions (hclust based on 147 
Euclidean distances in R)(R Core Development Team, 2022) was used to group the individual 148 
records into three ensembles. The clusters were determined from the consistency in their summer 149 
temperature reconstructions, which break out by latitude with northern (>43.5°N), central (42-150 
43.5°N), and southern (<42°N) groups of sites, except that eastern coastal sites cluster with the 151 
southern group (Fig. 1a). The grouping is consistent with the angled orientation of the LTG 152 
today because of its interaction with both topography and proximity to the coast (Fig. 1a). The 153 
LTG reconstructions were based on the averages of all individual records within each group, but 154 
we confirm the patterns using the three records with similar elevations of 300-400 m. 155 
Reconstructions were first interpolated to 50-yr intervals to enable averaging.  156 

The position of the steepest portion of the LTG was calculated as the change in 157 
temperature between latitude bands by measuring the mean temperature differences among 158 
clusters. We calculated both the mean central-northern (C-N) and southern-central (S-C) 159 
temperature difference through time. The two segments were then compared to detect where the 160 
LTG was steepest by subtracting the C-N and S-C differences from each other. Positive values in 161 
the C-N minus S-C difference indicate a steeper gradient north of 42.75°N, the mid-point of the 162 
region, and negative values indicate a steeper gradient to the south.  163 

3 Results 164 

3.1 Reconstructed temperature trends 165 
All of the temperature reconstructions indicate significant early Holocene warming in 166 

both summer (Fig. 2) and winter (Fig. 3). At ca. 11.7 ka, the range of summer temperatures 167 
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increased from 15-16°C to 17.5-18.5°C with all latitudes warming by similar amounts. Summer 168 
warming peaked in the central and northern sites by 8 ka at 18-19°C, but southern sites continued 169 
to warm, reaching 21°C at 5.5 ka (Fig. 2). In winter, all three regions continued to warm until 5.5 170 
ka (Fig. 3). After 10 ka, however, the southern sites warmed faster in winter than the central and 171 
northern sites; by 5.5 ka, southern sites reached near freezing (0°C) even though northern areas 172 
only warmed to -5°C (Fig. 3). 173 

After the mid-Holocene, summer temperatures declined in both the northern and southern 174 
regions, but not at central sites, which were affected by a significant millennial-scale variation at 175 
4.8-3.8 ka (Fig. 2). Initially, at 6.2 ka, northern sites cooled by 0.5°C in both summer (Fig. 2) and 176 
winter (Fig. 3). Then, by 4.8 ka, central sites warmed 0.5°C in summer (Fig. 2) and 1°C in winter 177 
(Fig. 3). Some northern sites then warmed again by a similar amount from 3.4-1.8 ka (thin blue 178 
lines, Fig. 2c, 3c), but rapid summer cooling of 0.5°C at 1.8 ka further prevented most northern 179 
sites from returning to their previous high temperatures. The three best-resolved records from 180 
similar elevations (thin lines, Fig. 2d, 3d) show patterns consistent with the inherently smoothed 181 
regional means (bold lines, Fig. 2d, 3d).  182 

3.2 Reconstructed gradient changes 183 
Qualitative interpretation of the fossil pollen record supports the infered gradient 184 

changes. Oak, which flourishes today where summer temperatures exceed 17°C (Williams et al., 185 
2006), reached its maximum in the north by 9-8 ka when birch, a dominant northern pollen type, 186 
declined to a minimum (Fig. 2, green lines). Northern oak abundance then fell to near zero, even 187 
as it continued to increase in the south where birch was uncommon. The opposite direction of 188 
oak and birch change in the north and south from 9-5.5 ka, observed over many sites, indicate a 189 
widening difference in growing conditions. The temperature reconstructions based on the full 190 
pollen assemblages suggest that the overall temperature difference between north and south 191 
increased by 1-1.5°C (Fig. 2e). 192 

The history of the central region differs from both north and south. Oak abundance also 193 
reached an early Holocene peak there as the ecotone shifted far north, but oak then declined 194 
before forming a second millennial-scale peak during a northward shift in the ecotone from 4.8-195 
3.8 ka (Fig. 2b, green lines). The distinctive peak developed when oak abundance remained low 196 
in the north. The vegetation gradient thus steepened to the north because birch, rather than oak, 197 
reached a mid-Holocene maximum (Fig. 2c).  198 

Unlike the oak and birch changes, the regional hemlock decline affected the central and 199 
northern areas similarly (Fig. 3b,c). Average birch abundance initially increased in both areas 200 
after 5.5 ka, but it then declined in the central region as oak increased by 4.8 ka (Fig. 2b). Beech 201 
(Fagus grandifolia), another cool-tolerant tree, experienced a similar brief peak from 5.5-4.8 ka 202 
at central sites (Fig. 4a). The mid-Holocene warmth that accompanied the subsequent oak 203 
maximum reduced the summer temperature gradient in the south (S-C) by 0.5°C but increased 204 
the northern gradient (C-N) by >1°C (Fig. 2e). 205 
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 206 

Figure 2. Mean summer (June-August) temperatures as well as oak (Quercus) and birch 207 
(Betula) pollen percentages from a) southern, b) central, and c) northern sites. Mean 208 
reconstructions for each cluster (bold lines) as well as the best resolved records within the 209 
300-400 m elevation zone (thin lines) are shown in (d) along with the mean differences 210 
between clusters (e) and the north minus south difference in gradient steepness (“Gradient 211 
Diff.” as the black line in f). An inverted June insolation curve for 30°N (Berger, 1978) is 212 
normalized to the gradient difference scale for comparison (thin line, f). Vertical gray lines 213 
mark major time periods of change with the bold line at 5.5 ka indicating the median 214 
beginning of the regional hemlock decline (see Fig. 3). The vertical gray line at 4.8 ka is 215 
unlabeled. 216 
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 217 

Figure 3. As in Figure 2, but for mean winter (December-February) temperatures, hickory 218 
(Carya) and hemlock (Tsuga) pollen. A January insolation curve for 30°N (inverted, gray 219 
line) is normalized to the N-S gradient difference in f for comparison. 220 

The reconstructed gradients also changed in winter. The patterns appear qualitatively in 221 
the Holocene history of hickory (Carya), a genus of broadleaved deciduous trees usually 222 
restricted to areas today with mean winter temperatures greater than -4°C (Williams et al., 2006). 223 
Unlike oak, hickory only became important in the study area after ca. 8 ka (green lines, Fig. 3). 224 
Its history parallels the slower long-term increase in temperatures during winter compared to 225 
summer. As oak pollen and summer temperatures declined in the late Holocene, hickory pollen 226 
retained its earlier abundance suggesting stable winter temperatures.  227 

The increase in hickory in the south after 8 ka, but not in the north, marks a widening 228 
latitudinal vegetative difference. The winter temperature reconstructions generated from the full 229 
pollen assemblages show a persistent C-N difference of ~2°C (thin blue line, Fig. 3d), but a 230 
widening S-C difference from near-zero to >4°C (thin red line, Fig. 3d). An exception to this 231 
pattern developed from 4.8-3.8 ka when hickory abundance increased in the central region as 232 
oak-hickory assemblages expanded into central highland sites. As with oak, the hickory increase 233 
followed the regional decline in hemlock by 700 years on average (Fig. 3b) and did not develop 234 
in the north where the reconstructed winter temperatures declined (Fig. 3c). The winter 235 
reconstructions indicate a 2°C increase in the C-N gradient and a ~1°C decline in the S-C 236 
gradient (Fig. 3d). 237 
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3.3 Changing latitude of steepest gradients 238 
The difference in the steepness of the two summer temperature gradients (C-N minus S-239 

C, Fig. 2f) indicates: 240 

• a southward shift in the steepest part of the gradient before 6 ka as southern areas 241 
warmed, but northern areas cooled; 242 

• a northward shift from 4.8-3.8 ka when the northern (C-N) gradient was steeper than the 243 
southern (S-C) gradient by up to 0.8°C, similar to the cool, late-Holocene pattern since 244 
1.8 ka (see Fig. S1 for a geographic representation of the temperature gradient); and  245 

• a nearly uniform regional gradient (a near zero difference, Fig. 2f) between these two 246 
periods from 3.8-1.8 ka.  247 

In winter, because the northern (C-N) gradient remained near 2°C and the southern (S-C) 248 
gradient increased from 0°C to >4°C, the steepest gradient was initially in the north, but shifted 249 
to the south by the late-Holocene. The northward oscillation in the position of the steepest 250 
segment interupted the trend from 4.8-3.8 ka when C-N was steeper than S-C by up to 1.6°C 251 
(Fig. 3f).  252 

4 Discussion 253 

4.1 Interpreting the long-term changes 254 
At the time of European colonization of the northeast U.S., the LTG determined a sharp 255 

contrast between northern mixed forests and oak-hickory forests to the south (Cogbill et al., 256 
2002). The reconstructed shifts in the LTG, therefore, provide a plausible climatic explanation 257 
for latitudinal differences in the regional vegetation history. A weak north-south gradient in 258 
summer before ca. 8.2 ka (Fig. 2e) helps to explain the early peak in oak abundance at northern 259 
sites (green lines, Fig. 2c); the polar front was likely furthest north at the time and similar 260 
summer temperatures across the region enabled oak to spread widely. When the summer LTG 261 
then steepened (Fig. 2e), oak readily declined in the north where sites began cooling (Fig. 2c) 262 
while also expanding in the south (Fig. 2a). Tree population increases south of a non-advancing 263 
range limit are not uncommon (Lloyd, 2005), and should be expected if the LTG steepened in 264 
place of uniform temperature increases or declines regionwide. Birch followed the opposite 265 
pattern as oak until the mid-Holocene, widening the vegetation difference (Fig. 2a-c) as the LTG 266 
steepened across all latitiudes. 267 

Different directions of insolation forcing explain a northern steepening of the LTG in 268 
summer (Fig. 2f), but a southern steepening in winter (Fig. 3f). Early-to-mid Holocene insolation 269 
anomalies acted to weaken the summer LTG by preferentially heating northern continental areas, 270 
especially compared to coastal areas in the southeast. The reverse took place in winter because 271 
low winter insolation cooled low latitudes more than high latitudes, which receive little winter 272 
insolation even today (Berger, 1978). A southern steepening of the summer LTG during the 273 
early-Holocene, however, represents a departure from the insolation trend (thin line, Fig. 2f). 274 
Much of the change, prior to ca. 8 ka, corresponded with the declining influence of the 275 
Laurentide ice sheet on atmospheric waves over the Atlantic. The summer anomaly may indicate 276 
a thermodynamic response to the ice albedo anomaly (Morrill et al., 2018) rather than the year-277 
round effect of the ice as a mechanical barrier to the flow of the jet stream (COHMAP, 1988). 278 
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Paradoxically, the presence of the ice sheet thus combined with insolation anomalies to facilitate 279 
the northward expansion of oak at 10-8 ka. 280 

4.2 The mid-Holocene anomaly 281 
The most significant departure from the insolation and ice sheet effects arose when a 282 

steep front developed in the north from 4.8-3.8 ka (Fig. 2e-f, 3e-f). The front cooled the north but 283 
limited cold outbreaks to the south. It favored northern birch populations (Fig. 2c), even as it 284 
enabled oak-hickory forests to expand into newly warmed central highlands (Fig. 4a). The 285 
changes began as temperatures fell in the north after 6.2 ka (blue lines, Fig. 2d, 3d) and were 286 
amplified when central temperatures reached their maximum at 4.8-3.8 ka (black lines, Fig. 2d, 287 
3d). The millennial scale of this central temperature maximum has analogies at the other 288 
latitudes, such as the cluster of northern sites that warmed from 3.4-1.8 ka (Fig. 2c, 3c). They 289 
indicate that more than one fluctuation in the LTG took place with a steep front returning to the 290 
north after 1.8 ka (Fig. 2c-f).  291 

The engimatic absence of hemlock undoubtly affected forest dynamics after 5.5 ka, but 292 
the similarity of the decline across latitudes (Fig. 3b-c) contrasts with the north-south vegetation 293 
differences 700 yrs later (Fig. 2b-c). Extensive droughts may have been important (Booth et al., 294 
2012; Haas and McAndrews 1999; Newby et al., 2014). They caused fluctuations in hemlock 295 
abundance at some sites (Marsicek et al., 2013) and are faithfully reconstructed from fossil 296 
pollen using our methods and data (Shuman et al., 2019). Other forest influences, such as 297 
wildfire and insect outbreaks, are not widely evident (Clark et al., 1996; Oswald et al., 2016; 298 
2020), but local ecological interactions must have shaped landscape-scale changes (e.g., 299 
potentially explaining synchroneity of the decline with drought onset at one site but not another 300 
amid localized hemlock variability; Booth et al., 2012). Regardless, hemlock’s demise did not 301 
drive all of the major forest changes. Abrupt changes in coastal oak and beech populations where 302 
hemlock is rare appear consistent with local cooling (Fig. 4b; Foster et al., 2006). In the north, 303 
the simultaneous switch from hemlock to birch, another cold-tolerant tree (Fig. 2c), raises a key 304 
question: why did oak replace hemlock and other cold-adapted trees like birch and beech in the 305 
central region (Fig. 2b, 4a) – but not along the coast (Fig. 4b) or in the north as it did in the early-306 
Holocene (Fig. 2c)?  307 

The reconstructed LTG changes point to a plausible answer. Different trees 308 
systematically replaced hemlock by latitude because temperatures changed in opposite directions 309 
in a manner analogous to the NAO (Fig. 1c-e). Cooling forced the northern limit of abundant 310 
hemlock southward as central warming extended southern forests with little hemlock northward. 311 
Droughts amplified the pattern. Positive NAO phases similarly steepen the northern LTG today 312 
(Fig. 1e), which is consistent with isotopic evidence of a steep northern front at 4.8-3.8 ka (Fig. 313 
4c; Kirby et al., 2002). The NAO pattern extends warming from the mid-Atlantic region into the 314 
central study area despite little change in the southern study area (Fig. 1d). Ocean cooling 315 
simultaneously develops from Labrador to Massachusetts (Fig. S2), which would explain why a 316 
narrow coastal zone of oak-beech changes (Fig. 4b) differs from the rest of the southern region 317 
(Fig. 2a).  318 

 319 
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 320 

Figure 4. Representative oak, hemlock, and beech pollen records (a) from the central 321 
region (Guilder Pond and Little Pond, Royalston; Oswald et al., 2018) are compared with 322 
b) pollen data from Deep Pond in coastal Massachusetts (Foster et al., 2006), c) lake oxygen 323 
isotope records from the southern and northern regions (Grinnell Lake, New Jersey, Zhao 324 
et al., 2010; Fayetteville Green Lake, New York, Kirby et al., 2002), and d) sea-surface 325 
temperature (SST) reconstructions from the Florida Strait  (Lochte et al., 2020) and 326 
Labrador Shelf (Schmidt et al., 2012).  327 

A contrast between low sea-surface temperatures (SSTs) from 4.5-3.5 ka on the Labrador 328 
Shelf (Lochte et al., 2020) and high SSTs in the Florida Strait from 4.7-3.3 ka (Schmidt et al., 329 
2012)(Fig. 4d) agrees with the patterns associated with a strong Atlantic pressure gradient today 330 
(Fig. S2). However, a NAO reconstruction from Greenland indicates a negative phase at the 331 
same time (Olsen et al., 2012), which raises questions about whether the circulation changes 332 
involved have direct analogs to the NAO at monthly to annual scales. Regardless of the 333 
relationship, the mid-Holocene oscillation coincides with millennial anomalies in North Atlantic 334 
deep water flow, wind speeds, and atmospheric circulation (Giraudeau et al., 2010; Jackson et 335 
al., 2005; O’Brien et al., 1995). Evidence of unusual climates at the same time extends from 336 
paleosol development in Nebraska’s Sand Hills (Miao et al., 2007) to isotopic anomalies in 337 
Africa (Thompson et al., 2002). The patterns may relate to intrinsic atmospheric variability, 338 
particularly if ocean-atmosphere or sea-ice interactions sustained the changes (Orme et al., 2021; 339 
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Rigor et al., 2002; Thornalley et al., 2009). Alternatively, volcanic and solar variability may have 340 
been influential factors (Fletcher et al., 2013; Kobashi et al., 2017), but no clear linear correlation 341 
with external forcing is evident, potentially as expected (Renssen et al., 2006).  342 

5 Conclusions 343 
The Holocene temperature history of eastern North America includes changes in the 344 

steepness of the north-south temperature gradient, which generally responded in different 345 
directions to summer and winter insolation anomalies. Well-described Holocene forcing, 346 
however, does not explain an apparent millennial-scale latitudinal shift in the slope and position 347 
of the temperature front, which expanded oak-hickory forests into mid-latitudes as birch 348 
increased to the north from 4.8-3.8 ka. Understanding the NAO-like change may help explain the 349 
hemlock decline, associated droughts, and other mid-Holocene abrupt change events and 350 
dynamics.  351 
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Introduction  

The supporting information includes figures showing the reconstructed temperatures versus 
latitude for key time intervals (Fig. S1) and modern sea-surface temperature anomalies 
associated with changes in the position of the steepest portion of the latitudinal temperature 
gradient, LTG (Fig. S2). Additional data tables include a list of fossil pollen records used in the 
analysis (Table S1) as well as the summer and winter temperature reconstructions for each site 
(Date Sets S1-S2) and for each latitudinal cluster of sites (Date Sets S3-S4). Data Sets S3 and S4 
also include the reconstructed gradients between latitudinal clusters shown in Figures 2 and 3. 
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Figure S1. Reconstructed latitudinal temperature gradients for a) summer (July-August) 
and b) winter (December-February) are plotted for 10-8.2 ka (dark blue), 8.2-5.3 ka 
(gray), 4.8-3.8 ka (orange), 3.3-2.3 ka (green) and since 1.8 ka (black). Mean 
temperatures from each latitude (Fig. 2d, 3d) are plotted as the median (bold) and 95% 
range (thin lines) of the seasonal mean temperature for each time interval. 500-yr 
intervals between periods are excluded to differentiate the patterns regardless of age 
control uncertainties.  
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Figure S2. Map of mean sea-surface temperature (SST) composite anomalies shows the 
expected change from a steep southern LTG to a steep northern LTG (such as developed 
at 4.8 ka). Data derive from the NOAA Optimum Interpolation (OI) SST dataset (maps 
generated at https://psl.noaa.gov/cgi-bin/data/composites/) for the years since 1981 when 
the latitudinal temperature gradient in the study region was steepest north of 42.75°N 
(1991, 2007) minus those when it was steepest south of 42.75°N (1988, 1999, 2001). The 
SST anomalies represent years with a strong (Figure 1c) minus weak (Figure 1b) Atlantic 
pressure gradient. 

The modern changes in the LTG, used to identify the years for the composite 
anomaly maps here and in Fig. 1 were calculated using annual temperatures from climate 
division data (Vose et al., 2014) to calculate temperature differences between latitudinal 
zones. Climate Division temperature data from Vermont (statewide mean), western 
Massachusetts (division 1), and Connecticut (statewide mean) represent the northern, 
central, and southern regions respectively. Composite anomaly maps showing changes in 
surface pressure (Fig. 1b,c) were generated using the NCEP/NCAR Reanalysis (Kalnay 
et al., 1996) for the five years when the steepest gradient was furthest north or south 
based on the C-N (MA-VT) minus S-C (CT-MA) difference. Maps were generated using 
tools from the NOAA/ESRL Physical Sciences Laboratory, Boulder, Colorado at 
https://psl.noaa.gov/. 
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Table S1. Fossil pollen records   

Site Latitude  Longitude  Elevation 
Median Sample 
Frequency 
(yr/sample) 

Citation 

Ballston Lake 42.9498 -73.8533 82 156 Toney et al., 2003 
Balsam Lake 42.0288 -74.6042 880 107 Ibe R.A., 1982 
Berry Pond, East 42.6201 -71.0868 43 269 Oswald et al., 2018 
Berry Pond, West 42.5051 -73.3167 610 46 Whitehead and Crisman, 1978 
Black Pond 41.3279 -70.7927 13 91.5 Oswald et al., 2018 
Blood Pond 42.0802 -71.9611 227 90.5 Oswald et al., 2018 
Brandreth Bog 43.9167 -74.6833 582 202 Overpeck, J.T. 1985  
Deep Pond, Falmouth 41.5640 -70.6357 27 69 Oswald et al., 2018 
Deep Pond, Taunton 41.8822 -71.0120 8 365 Oswald et al., 2018 
Deer Lake Bog 44.0333 -71.8333 1213 496.5 Spear, R.W. 1981 
Eagle Lake Bog 44.1667 -71.6667 955 414 Spear, R.W. 1981 
Green Pond 42.5671 -72.5108 97 483 Oswald et al., 2018 
Guilder Pond 42.1086 -73.4372 622 303.5 Oswald et al., 2018 
Heart Lake 44.1824 -73.9696 686 373 Whitehead and Jackson. 1990 
Kinsman Pond 44.1333 -71.7333 1162 565.5 Spear, R.W. 1981 
Knob Hill Pond 44.3604 -72.3730 378 74 Oswald et al., 2018 
Little Pond, Royalston 42.6760 -72.1929 308 143 Oswald et al., 2018 
Little Willey Pond 43.2917 -71.1781 259 156.5 Oswald et al., 2018 
Lost Pond 44.2469 -71.2514 656 425 Spear et al., 1994  
Mohawk Pond 41.8112 -73.2927 381 326.5 Guadreau, D.C. 1986  
No Bottom Pond 41.2833 -70.2083 0 314 Dunwiddie, P.W. 1990  
North Pond 42.6517 -73.0534 593 204 Whitehead and Crisman. 1978  
Rogers Lake 41.3525 -72.2992 16 173 Davis, M.B. 1969  
Spring Lake 41.6739 -76.3500 364 352 Barnowsky et al., 1988  
Spruce Pond 41.2369 -74.1833 208 72.5 Maenza-Gmelch, 1997a 
Sutherland Pond 41.3914 -74.0378 392 88 Maenza-Gmelch, 1997b  
Tannersville Bog 41.0389 -75.2639 282 120.5 Watts, W.A. 1979  
Twin Ponds 44.0614 -72.5787 409 213 Grigg et al., in review 
Umpawaug Pond 41.3060 -73.4495 149 109 Oswald et al., 2018 
Uncle Seth's Pond 41.4331 -70.6646 20 233.5 Oswald et al., 2018 
Upper Wallface Pond 44.1483 -74.0557 981 761.5 Whitehead and Jackson. 1990 
Ware Pond 42.4825 -70.8823 9 215 Oswald et al., 2018 
West Side Pond 41.8545 -73.2566 407 224 Oswald et al., 2018  
Winneconnet Pond 41.9667 -71.1167 22 227.5 Suter, S.M. 1985 
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