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Kettle Lake is the sole area suitable for diatom growth, because 
it is unlikely that the photic zone is sufficient to reach the lake 
bottom at high water levels and high groundwater flow given 
modern Secchi depths of approximately 4.5 m.

Diatom group 2: Moderate-high groundwater flow, lower lake-level. 
During somewhat lower groundwater flow, the diversity of 
benthic diatoms increases dramatically. A number of fresh-
water and subsaline epiphytic species of the genus Gompho-
nema, Cocconeis, Achnanthidium, Amphora and Cymbella are 
present, suggesting a greater abundance of submerged or 
emer gent aquatic vegetation on the littoral bench of the lake. 
This would be expected as lake level and groundwater flow is 
slightly lower, and suitable habitat becomes available. A num-
ber of epipelic diatoms with subsaline affinities (e.g. Masto gloia 
smithii and Craticula halophila) also occur, in addition to a num-
ber of Nitzschia spp. that are generally found in waters of high 
ionic strength (Cumming et al., 1995). The increased dom-
inance of epipelic diatoms is likely a result of the photic zone 
extending to the lake bottom and increasing the proportion of 
benthic habitat (Wolin and Stone, 2010) (Figure 6).

The inferred increase in salinity is supported by the pres-
ence of the planktic, hyposaline Chaetoceros muelleri-elmorei 
com plex. The colonial euplanktic C. muelleri-elmorei complex 
can form heavily silicified resting cells (which is the predom-
inate form found in the sediment records), thus it is mero-
planktic and dominates during periods of strong mixing. The 
increase in inferred salinity would result from greater evap-
orative loss from the lake due to lower groundwater flow. 
Changes in salinity in response to the PE balance of closed
basin lakes have proven a robust relationship in the NGP 
(Fritz, 1990; Laird et al., 1996; Last, 1993).

Diatom group 3: Moderate-low groundwater flow, low lake-level. Dur-
ing periods of a low groundwater gradient, the lake level 
drops, and an increase in evaporative loss would favor dia
toms with saline affinities. Indeed, the planktic diatom Cyclo-
tella meneghiniana, which has a subsaline affinity, is dominant in 
this group. C. meneghiniana is a common species in the lakes of 
the NGP throughout the Holocene (Fritz et al., 1993, 2000; Laird 
et al., 2007) and has been observed to bloom in the late sum-
mer in Kettle Lake (J. E. Saros, personal communication, 2010), 
presum ably during periods of strong stratification, conditions 
that are common in this genus (Bradbury, 1988; Winder et al., 
2009). C. meneghiniana is also an efficient user of Si and generally 
has a low Si:P requirement (Tilman and Kilham, 1976). Addi-
tional spring–early summer blooming planktic species present 
in this group (Synedra tenera and Stephanodiscus hantzschii) sug-
gest that fresher conditions perhaps prevailed soon after win-
ter iceout, despite the lower groundwater flow and lake level. 
Synedra tenera, a freshwater planktic diatom, is associated with 
C. meneghiniana in the fossil assemblages and is competitive un-
der similar lake thermal characteristics and low P (Interlandi et 
al., 1999). The presence of S. hantzschii in group 3 is somewhat 
unexpected as the other Stephanodiscus spp. with low Si:P are 
associated with group 1 and high groundwater flow, however 
pre vious studies show that S. hantzschii is favored in lakes with 
high alkalinity (Brugam, 1983).

The benthic community of this group is less diverse than 
group 2 but contains some epiphytic taxa commonly associ-
ated with saline conditions, namely Cocconeis placentula and 
Gomphonema aquaemineralis. The presence of epipelic Nitzschia 

perminuta and N. liebtruthii, which have salinity optima in 
the mesosaline (> 20 g/l) and hyposaline (3–20 g/l) range, 
respec tively, and which are the highest salinity ranges found 
throughout the sediment record, adds further evidence of sa-
line conditions during periods of low groundwater flow. A 
number of epipelic Navicula sensu lato species (e.g. Luticola 
mutica and Navicella pusilla) with freshwater and subsaline af-
finities are also present in this group.

Diatom group 4: Low groundwater flow, meromictic lake. Few dia-
tom species are associated with low groundwater flow condi
tions in Kettle Lake. Salinity is likely to be at its highest dur-
ing periods of the lowest groundwater flow and lake level, 
however, the planktic freshwater diatoms Synedra acus var. an-
gustissima, S. nana, and Nitzschia linearis are dominant at these 
times. These three species share similar life strategies and form 
stellate colo nies which facilitate their euplanktic habit. S. acus 
var. angustis sima has high Si:P requirements and implies weak 
or no mixing of the water column (Bradbury, 1988). Brugam 
(1983) showed that S. nana is typical in naturally meromic-
tic lakes in Minnesota. Therefore these two species imply that 
at the lowest groundwater flow, the lake becomes meromic-
tic. S. acus var. angustissima and S. nana bloom in the spring 
and need a freshwater mixolimnion, which snow and icemelt 
would provide. This freshwater lens would remain chemically 
isolated from deep saline waters under meromictic conditions.

Nitzschia paleacea is also dominant in this low groundwater 
flow group and can inhabit periphytic and planktic environ-
ments, forming both rosette and stellate colonies, respectively. 
It is com monly found in alkaline, slightly brackish waters. It 
has been described as an obligatory nitrogen heterotroph and 
is tolerant of heavy organic pollution (Hürlimann and Schanz, 
1993; Lange-Bertalot, 1978). It is unclear where in Kettle Lake 
this diatom would have been growing, but likely it occurred 
below the mixo limnion, where conditions would be more al-
kaline and ammo nium supply from the sediments would be 
plentiful. Interestingly, N. paleacea and S. acus var. angustis-
sima are present in alternat ing time periods in the sediment re-
cord (Figure 3), suggesting varied degrees of meromixis, with 
N. paleacea signifying a greater monimolimnetic habitat. The 
modern and historical asso ciation of Synedra acus var. angustis-
sima and Nitzschia paleacea in meromictic systems is not with-
out precedent and has been ele gantly presented using varved 
sediments, sediment traps, and phytoplankton samples in a 
Turkish lake (Woodbridge and Roberts, 2010). No benthic di-
atoms are dominant in this group.

Diatom-inferred lake water salinity

The reconstructed diatom-inferred salinity for Kettle Lake var-
ies over decadal, centennial, and millennial timescales for the 
last 8500 cal. yr BP (Figure 4). The DI-salinity suggests that Ket-
tle Lake has been significantly fresher than today during multi-
ple periods throughout its history, including during part of the 
arid midHolocene period. This is particularly surprising dur-
ing the period 5400–5000 cal. yr BP, when groundwater flow ap-
pears to be at its lowest and group 4 diatoms dominate (Figure 
7). While we have established that the weighted-averaging sa-
linity model is statistically significant for Kettle Lake, the dia-
tom species in “group 4” are not well represented within the 
training set. The two dominant diatoms for this group, Nitzschia 
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Figure 7. Diatom stratigraphy for Kettle Lake, ND grouped in accordance with defined assemblages of high (group 1) to low (group 4) groundwater 
flow. Diatom assemblage rate-of-change represents the stability of the diatom communities through time, expressed as departure from the mean of 
chord distance per 10 yr. Stratigraphic zones are defined by original zones of all taxa as shown in Figure 3.
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paleacea and Synedra acus var. angustissima, are present in nine 
and eight of the 77 training set lakes, respectively. More impor-
tantly, the relative per cent abundance of these diatoms does 
not exceed 2% within the training set, meaning that the sa-
linity optima of these two species of diatoms is not well con-
strained. Therefore during periods of the salinity reconstruc-
tion when these two diatoms dominate the assemblage (up to 
>80% relative abundance), the inferred lake environment is not 
represented by the training set. We infer that periods of the re-
cord that are dominated by group 4 diatoms and the lowest 
groundwater flow actually represent a much more arid period 
than suggested directly by the salinity reconstruction. The taxa 
found in group 4 suggest a meromictic water column and are 
likely growing in a fresh mixolimnion lens overlying a highly 
saline monimolimnion. Thus, the diatom-inference of fresh sur-
face waters likely is correct, but in this case relatively fresh sur-
face waters occur during arid climatic conditions.

Overall the DI-salinity of Kettle Lake has a small range in 
variability over the last 8500 years. Kettle Lake’s modern sa-
linity is comparatively very low for the NGP, because it is a 
groundwater flowthrough lake in a very coarse substratum 
that is fed by fresh groundwater (Donovan and Grimm, 2007; 
Grimm et al., 2011). Our salinity reconstruction results suggest 
that Kettle Lake has maintained this strong connection to the 
groundwater system throughout the last 8500 years, thus buff-
ering the lake’s response to drought.

Environmental history of the Kettle Lake region

The stratigraphic summation and presentation of the defined 
“groups” of diatoms reduces the complexity of a speciesrich 
com munity, while offering a temporally detailed view of dia-
tom response to variations in groundwater over the last 8500 
years (Figure 7). We now discuss the environmental history 
of Kettle Lake through the three main zones of the core in the 
context of regional environmental change.

Zone 1 (8500–4364 cal. yr BP). The base of the Kettle Lake dia-
tom record (8500 cal. yr BP), dates to the midHolocene arid pe-
riod of the NGP (Dean et al., 1996). The base of zone 1 (zone 
1a; 8500–8351 cal. yr BP) represents a period of moderatelow 
groundwater flow into a wellmixed deep saline lake (Figure 
7). Subsequently, the diatoms indicate a shift to wetter climate 
at 8351 cal. yr BP (zone 1b, Figure 6; 8320–8088 cal. yr BP) or 
at least a fresher lake from greater groundwater flow (Figure 
7). This shift, which appears abrupt in the diatom record, cul-
minates a gradual and variable increase in aragonite following 
the major drought and aragonite minimum at ~9250 cal. yr BP 
(Grimm et al., 2011). So whereas the aragonite indicates a grad-
ual increase in moisture, the diatoms may indicate a threshold 
response. A brief event occurring at ~8200 cal. yr BP where di-
atom Groups 2 and 3 become dominant suggests more saline 
conditions and an arid climate. This observation is similar to 
other studies in this region where a cool, windy, dry period is 
inferred in response to this climatic event (Alley et al., 1997; 
Dean, 1993). This event is not extraordinary during the early 
mid Holocene, but does corre spond with one of the lowest 
aragonite minimums and by infer ence severe droughts of the 
Holocene (Grimm et al., 2011), and the synoptic climatology 
associated with the 8.2 ka event in Greenland may have exacer-
bated a cyclical NGP drought owing primarily to other causes.

At approximately 8100 cal. yr BP Kettle Lake became dra-

matically more saline, and the diatom assemblages subse-
quently were less stable (zone 1c, Figure 7). The timing of this 
tran sition corresponds with abrupt expansion of prairie to the 
east at Elk Lake, Minnesota (Dean et al., 1996). To the north-
west of Kettle the transition to the midHolocene arid period 
began earlier (c. 9000 cal. yr BP), as lake level dropped in Cey-
lon Lake and the basin became closed (Last, 1990). At Kettle 
Lake diatoms were lost from the sediments because of dissolu-
tion beginning ~7920 cal. yr BP. This phenomenon commonly 
occurs in highly saline envi ronments (Ryves et al., 2009) and 
lasted in Kettle until ~ 5950 cal. yr BP. The period of diatom 
dissolution also corresponds with an intensely dry period, 
based on other proxies (Grimm et al., 2011).

From 5950 cal. yr BP until 4364 cal. yr BP, the diatom 
assem blages have a high rate-of-change, suggesting an un-
stable commu nity, fluctuating among lake states on decadal 
to centennial timescales (Figure 7). A saline, wellmixed lake 
dominated by group 2 and 3 diatoms was prevalent above the 
diatom dissolution zone, similar to the lake state prior to the 
dissolution (Figure 7). At 5700 cal. yr BP Kettle became inter-
mittently fresher for ~200 years, followed by a dramatic shift 
to high salinity and inferred arid condi tions at 5419 cal. yr BP 
(zone 1d, Figure 6). This climatic inference from diatoms cor-
responds well with the inference from aragonite data, which 
indicate an extended pluvial period ~5700–5600 cal. yr BP, fol-
lowed by an intense drought centered at ~5400 cal. yr BP (Fig-
ure 4; Grimm et al., 2011). At this time Kettle Lake enters a pe-
riod where meromixis (group 4 diatoms) becomes a dominant 
lake state (Figure 7), alternating with saline conditions and 
moder atelow groundwater flow (group 3 diatoms) (Figure 7).

Evidence for meromictic conditions during this time pe-
riod also comes from authigenic mineral deposits of struvite 
(hydrous Mgammoniumphosphate), in the same Kettle Lake 
core between 8700 and 4650 cal. yr BP (Donovan and Grimm, 
2007). Struvite is a guano mineral, occurring in animal waste 
and requir ing an anoxic sedimentary environment, such as is 
characteristic of a meromictic lake. Donovan and Grimm (2007) 
hypothesized that during the arid mid Holocene, the relatively 
deep Kettle Lake would be one of a small number of lakes in 
the NGP that still contained water, causing a dramatic increase 
in migratory waterfowl, guano deposition, and preservation of 
struvite. The presence of this mineral and the dominant diatom 
Nitzschia pale acea (an obligate N heterotroph, tolerant of heavy 
organic pollu tion) further supports the inference of a meromic-
tic lake environment at this time. Meromixis could become es-
tablished under continued warm and arid conditions which 
drive further lowering of groundwater flow and increased 
evaporative loss from the lake, which continued to increase 
salinity and produced strong chemical stratification. As a re-
sult of infilling, the lake basin would have been approximately 
10 m deeper or double the present depth at this time, making 
meromictic conditions easier to establish (Figure 8). It appears 
that while group 4 diatoms sug gest meromictic conditions, their 
abundance is not necessarily related to the strength or stabil-
ity of meromictic conditions. This is demonstrated by the sus-
tained high values of group 4 diatoms in the lower half of zone 
1d from ~5400 to 5000 cal. yr BP (Figure 7) which correspond 
with a sustained period of interme diate aragonite values with 
little variability, suggesting relatively dry, but not intensely dry, 
conditions, and thus a sustained drought of intermediate inten-
sity. It is perhaps the persistence of low lakelevels and a rela-
tively large monimolimnion that favors group 4 diatoms dur-
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ing this time. In addition, throughout the entire mid Holocene 
the sediment is finely laminated (Grimm et al., 2011), and the 
period of struvite occurrences overlaps with a large zone of di-
atom dissolution (Donovan and Grimm, 2007), suggesting that 
meromictic conditions are not specific to periods when group 4 
diatoms dominate.

A ~200 year period of fresher conditions prevailed from 
4750 to 4550 cal. yr BP, prior to the most significant shift 
(greatest sum-of-squares height in the diatom cluster anal-
ysis) at 4364 cal. yr BP, when the midHolocene arid period 
switched abruptly to a wetter lateHolocene period. This 200
year period also corre sponds with wet conditions implied by 
the aragonite data (Figure 4; Grimm et al., 2011). The age of 
this shift in diatoms falls between the major breaks in pol-
len and mineral data respectively at 4290 and 4590 cal. yr BP. 
Thus, all proxies (minerals, pollen, and diatoms) indicate a 
major climatic mode shift during this period.

Zone 2 (4364–620 cal. yr BP). Kettle Lake was generally fresh, 
dimictic, and influenced by high groundwater flow during 
zone 2 (Figures 7 and 8). The sedimentation rate also increased 
at ~4500 cal. yr BP, possibly as a result of increased aquatic 
production (Figure 2). This sharp transition to zone 2 is also 
the strongest shift in the pollen and mineral records for Kettle 
(Grimm et al., 2011). The dramatic shift to a wet lateHolocene 
period is well documented in a number of records from the 
NGP (Laird et al., 2007). Indeed, the timing of this transition in 
Ceylon and Waldsea Lakes to the north of Kettle Lake (Figure 
1) occurred within ~ 50 years of the event at Kettle Lake. To 
the east of the NGP, Lake 239 in Ontario and Elk Lake, Min-
nesota recorded dramatic secular changes at 4435 cal. yr BP 
and ~ 4200 varve years before ad 1980, respectively (Bradbury 
and DieterichRurup, 1993; Laird and Cumming, 2008). To the 
west of Kettle, Foy Lake in the Rocky Mountains of Montana 
also exhibits large diatom assem blage shifts at c. 4500 cal. yr 
BP (Stone and Fritz, 2006). Here, Stone and Fritz (2006) pres-
ent evidence for a significant climate state change associated 
with an apparent reduction in strength of forcing by the Pa-
cific Decadal Oscillation. Such a shift in the rela tive influence 
of Pacific versus Atlantic seasurface temperature might be as-
sociated with an increase in moisture from low-level summer 
southerly air masses from the Gulf of Mexico, as hypoth esized 
in other regional paleoclimatic studies (Dean et al., 1996).

Multidecadal to centennial length drought periods domi-
nated by the saline diatoms in group 2 or 3, are evident dur-

ing the wetter period in Kettle Lake from 4364 to 1406 cal. yr 
BP (e.g. 3442 to 3268 cal. yr BP and 1950 to 1700 cal. yr BP (Fig-
ure 7)). However, there is no evidence of a megadrought be-
ginning at c. 4200 cal. yr BP and persisting for several hundred 
years, as has been observed in a number of North American 
paleoclimatic records (Figure 7; Booth et al., 2005). In contrast, 
Kettle Lake shows evidence of moister conditions at c. 4200 
cal. yr BP. At other times in zone 2 are short sporadic decadal 
periods of strongly saline water or meromixis (diatom group 3 
and 4), sug gesting dramatic fluctuations in the groundwater
table and lake levels. These drought periods predictably show 
higher diatom community instability during an overall zone of 
relative assem blage stability (Figure 7).

Around 1406 cal. yr BP, there is an increased abundance 
of benthic diatoms (group 2). While the reconstructed DIsa-
linity is similar to Kettle Lake’s current salinity (Figure 4), the 
commu nity assemblage is relatively unstable. A diatom sub-
zone from 1406 to 872 cal. yr BP (zone 2c, Figure 6) is char-
acterized by some of the highest rate-of-change values, lower 
groundwater flow and much drier conditions (group 2, 3, and 
4 diatoms) (Figure 7). The base of this subzone corresponds 
closely with the base of mineral/pollen zone E3, which these 
proxies indicate as drier than underlying zone E2 (Grimm et 
al., 2011). Zone E3 exhibits a tripartite drywetdry sequence. 
The earliest dry inter val dating to 1460–900 cal. yr BP corre-
sponds closely with dia tom zone 2c and is coincident with 
the ‘Medieval Climate Anomaly’ (MCA; Bradley et al., 2003). 
Drought was common during the MCA and has been docu-
mented in a number of other western paleoclimatic records 
(Herweijer et al., 2007; Woodhouse, 2004). Regionally, this 
shift is coincident with Ceylon Lake to the northwest, which 
also shows a transition from high lake levels at ~2000 cal. yr 
BP to a low level at ~1500 cal. yr BP and a return to high lake 
levels by ~1000 cal. yr BP (Teller and Last, 1990). In Kettle 
Lake the abrupt increase in salinity at 1406 cal. yr BP is fol-
lowed by large decadal fluctua tions in salinity, returning to 
fresher conditions. At ~872 cal. yr BP, another abrupt diatom 
assemblage shift takes place (zone 2d, Figure 7), where fairly 
stable, freshwater diatom communities dominate from 872 to 
620 cal. yr BP (Figure 3 and 7). Zone 2d corresponds closely 
with the wet middle section of mineral/pol len zone E3 dated 
to ~900–600 cal. yr BP, which also indicates wetter conditions 
(Grimm et al., 2011). Other diatom records from North Dakota 
show a complex response both temporally and spatially dur-
ing this period, with evidence of arid and wetter periods (Fritz 

Figure 8. Schematic cross-sections of Kettle Lake, ND through time as defined by the main diatom zones. Historical lake depths and infilling are based 
on linear interpolations of basin morphology and the age-model. The estimated range in lake levels are shown as dashed lines, subjectively inferred 
from the diatom defined lake states, with the predominant groundwater level as the lake level. The vertical axis represents the depth from modern wa-
ter surface in meters. 
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et al., 2000). It is becoming evident that the heterogeneity of 
lake responses to arid periods is related to the lake’s connec-
tion to the groundwater table (Almendinger, 1993; Fritz et al., 
2000; Laird et al., 2007). Indeed, the strong connectiv ity of Ket-
tle Lake to the Little Muddy Aquifer would lead to its relative 
biological stability during climatically instable periods.

Zone 3 (620 cal. yr BP to present). Zone 3 in the diatom record of 
Kettle Lake represents the transition into the ‘Little Ice Age’ 
(LIA) and a rapid transition to a more arid climate and un-
stable diatom communities until 113 cal. yr BP (zone 3a, Fig-
ure 7). Each of the four diatom groups dominates at some 
point during this period, suggesting variable lake levels and 
groundwater flow from a more variable climate (Figure 7). 
Group 2 diatoms, which include both freshwater and subsa-
line benthic species, are promi nent during the early LIA, sug-
gesting that cold spring tempera tures and moderately arid cli-
mate prevailed (Fritz et al., 1994). Colder temperatures could 
also favour benthic diatoms, as a long period of lakeice 
cover would mean a reduced spring mixing and short plank-
tic growing season. Freshwater conditions (group 1 diatoms) 
dominate near the end of the LIA (~ 350 to 113 cal. yr BP), sug-
gesting a gradual transition to wetter conditions. This pattern 
of a cool arid early-LIA transitioning into a cool, moist late-
LIA (~350 cal. yr BP) also was apparent to the east in Elk Lake, 
Minnesota (Bradbury and DieterichRurup, 1993). It should be 
emphasized that although zone 3 is somewhat drier than the 
preceding 300 years (Figure 7), the magnitude of this aridity 
is nowhere near that of the mid Holocene. Other records from 
North Dakota, including Devils, Moon, Coldwater, and Rice 
Lakes, all have a much more complex response to the LIA cli-
mate (Figure 1; Fritz et al., 1994, 2000).

The modern period (zone 3b, Figure 6; 113 cal. yr BP to 
present) continued as relatively arid and unstable, with all 
four lake regimes dominating at some point. Decadal periods 
of meromixis occurred early in this period following a transi-
tion from group 2 to 3 diatoms. This pattern suggests a grad-
ual low ering of lake level in response to reduced groundwater 
flow. The large ‘Dust Bowl’ era drought of the 1930s is re-
corded in an abundance of group 3 and 4 diatoms, however, 
the corre sponding salinity during this time is only slightly 
above the modern value (Figure 4). Comparing the inferred 
lake state and salinity of the ‘Dust Bowl’ with the rest of the re-
cord, suggests that droughts more severe than the Dust Bowl, 
both in duration and aridity, were prevalent throughout the 
last 8500 years at Kettle Lake. The diatom rate-of-change for 
the modern period and the end of the LIA also suggests that 
the recent climate is generally more unstable than any other 
extended period over the last 8500 years.

Conclusion

The regional climatic and hydrologic gradients in the NGP 
are strong and pose a significant challenge to reconstruct-
ing a coher ent picture of North American climate. We have 
shown that the use of an independent proxy of groundwa-
ter flow provides an effective means to interpret the biolog-
ical response through time, in a closedbasin lake ecosystem 
that is intimately tied to the local aquifer. At the millennial-
scale there is strong evidence for regional climatic re-arrange-
ments, particularly at ~4500 cal. yr BP. Both the diatom and 

geochemical record from Kettle Lake, suggest periods of 
meromixis during the mid Holocene and the last 600 years. 
At the decadal–centennial scale the diatom record from Ket-
tle Lake shows no clear cyclic trends over the last 8500 years. 
However, periods of prolonged (~100 years) and rapid (20–
30 years) drought have taken place throughout the mid to late 
Holocene. These droughts appear to have had similar impacts 
on the Kettle Lake hydrology as the ‘Dust Bowl’ era droughts, 
but were longer in duration.
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