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Forest defoliator outbreaks alter nutrient cycling in
northern waters
Samuel G. Woodman 1✉, Sacha Khoury2, Ronald E. Fournier 3, Erik J. S. Emilson 3, John M. Gunn4,

James A. Rusak 5 & Andrew J. Tanentzap 1

Insect defoliators alter biogeochemical cycles from land into receiving waters by consuming

terrestrial biomass and releasing biolabile frass. Here, we related insect outbreaks to water

chemistry across 12 boreal lake catchments over 32-years. We report, on average, 27% lower

dissolved organic carbon (DOC) and 112% higher dissolved inorganic nitrogen (DIN) con-

centrations in lake waters when defoliators covered entire catchments and reduced leaf area.

DOC reductions reached 32% when deciduous stands dominated. Within-year changes in

DOC from insect outbreaks exceeded 86% of between-year trends across a larger dataset of

266 boreal and north temperate lakes from 1990 to 2016. Similarly, within-year increases in

DIN from insect outbreaks exceeded local, between-year changes in DIN by 12-times, on

average. As insect defoliator outbreaks occur at least every 5 years across a wider 439,661

km2 boreal ecozone of Ontario, we suggest they are an underappreciated driver of biogeo-

chemical cycles in forest catchments of this region.

https://doi.org/10.1038/s41467-021-26666-1 OPEN

1 Ecosystems and Global Change Group, Department of Plant Sciences, University of Cambridge, Cambridge, UK CB2 3EA. 2 Forest Ecology and Conservation
Group, University of Cambridge Conservation Research Institute, University of Cambridge, Cambridge, UK CB2 3QZ. 3 Natural Resources Canada, Canadian
Forest Service, Great Lakes Forestry Centre, 1219 Queen St. E, Sault Ste. Marie, ON, Canada P6A 2E5. 4 Cooperative Freshwater Ecology Unit, Vale Living with
Lakes Centre, Laurentian University, 935 Ramsey Lake Road, Sudbury, ON, Canada P3E 2C6. 5Dorset Environmental Science Centre, Ontario Ministry of the
Environment, Conservation and Parks, 1026 Bellwood Acres Road, Dorset, ON, Canada P0A 1E0. ✉email: sgw35@cam.ac.uk

NATURE COMMUNICATIONS |         (2021) 12:6355 | https://doi.org/10.1038/s41467-021-26666-1 | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-26666-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-26666-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-26666-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-26666-1&domain=pdf
http://orcid.org/0000-0001-9725-5867
http://orcid.org/0000-0001-9725-5867
http://orcid.org/0000-0001-9725-5867
http://orcid.org/0000-0001-9725-5867
http://orcid.org/0000-0001-9725-5867
http://orcid.org/0000-0001-5833-4677
http://orcid.org/0000-0001-5833-4677
http://orcid.org/0000-0001-5833-4677
http://orcid.org/0000-0001-5833-4677
http://orcid.org/0000-0001-5833-4677
http://orcid.org/0000-0002-1516-9728
http://orcid.org/0000-0002-1516-9728
http://orcid.org/0000-0002-1516-9728
http://orcid.org/0000-0002-1516-9728
http://orcid.org/0000-0002-1516-9728
http://orcid.org/0000-0002-4939-6478
http://orcid.org/0000-0002-4939-6478
http://orcid.org/0000-0002-4939-6478
http://orcid.org/0000-0002-4939-6478
http://orcid.org/0000-0002-4939-6478
http://orcid.org/0000-0002-2883-1901
http://orcid.org/0000-0002-2883-1901
http://orcid.org/0000-0002-2883-1901
http://orcid.org/0000-0002-2883-1901
http://orcid.org/0000-0002-2883-1901
mailto:sgw35@cam.ac.uk
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Freshwaters are the main conduit for transporting macro-
nutrients, including carbon (C) and nitrogen (N), between
their major reservoirs on land and the oceans1,2. Thus, the

nutrient status and subsequent functioning of freshwaters closely
reflect their surrounding catchments3. C and N mostly enter
freshwaters as dissolved fractions after the leaching of dead plant
organic matter (OM) from soils and fresh foliar litter4. In lakes,
dissolved organic carbon (DOC) regulates ecosystem structure
and function5, by affecting light penetration6, thermal stability7,
contaminant toxicity8, and food web nutrition3. Dissolved inor-
ganic nitrogen (DIN; nitrates and ammonium) also influences
lake ecosystem structure and function since it is a limiting
nutrient for the growth of plants, algae, and bacteria9, and thus
available energy at the base of aquatic food webs10. Despite the
importance of C and N fluxes, how they vary in lakes because of
biotic disturbances in their surrounding catchments remains
poorly understood. Previous work has focused on wood-boring
insects, like bark beetles, that kill large numbers of trees and cause
dead OM to accumulate on the landscape11. These events can
subsequently release large pulses of C and N into downstream
waters owing to both reduced N uptake12–15 and increased litter
inputs16 from dead trees into some downstream waters12,17. By
contrast, defoliator insects consume foliage without killing trees,
and their consequences for nutrient cycling from land into water
remain unknown.

Outbreaks of insect defoliators cause high severity, periodic
disturbances that can alter the quantity18, quality19, and timing20

of C and N inputs into lakes from surrounding catchments. In
years without outbreaks, C and N entering lakes often come from
decaying leaf/needle litter and typically peak in quantity during
autumn21. Insect defoliation can reduce the amount of foliar litter
C and N available for export to lakes through the ingestion of
leaves/needles18,22. For example, widespread outbreaks of invasive
gypsy moths (Lymantria dispar dispar) and forest tent caterpillars
(Malacasoma disstria) can completely defoliate temperate forest
canopies during early summer23 when their feeding peaks24.
Defoliators can, however, offset lower N inputs during autumn
leaf senescence by releasing frass onto soils as a by-product of
feeding. Frass is N-rich because insect defoliators are inefficient at
assimilating foliar N25. N is also readily available in foliage during
insect feeding that occurs before trees resorb foliar N to reduce
losses during leaf senescence25. For example, frass produced from
oak leaves (Quercus rubra) has lower C:N ratio than the corre-
sponding leaf litter of 20:1 vs 24:1, respectively, and so is poten-
tially more biolabile26,27. Unlike C and N, there may be little
change in phosphorus (P) cycling from defoliation as it relies more
on atmospheric inputs, wetland flowpaths, and internal recycling
than plant litter fluxes28. N:P ratios may therefore shift down-
stream, with consequences for lake food webs as P limitation
becomes more prevalent29. Foliar chemistry, more generally, also
varies among tree species30, so, the species composition of defo-
liated catchments is likely an overriding factor on the biolability
and biogeochemical fate of both litterfall and resulting frass31.

Here, we report lower DOC and higher DIN concentrations in
northern lake waters during outbreaks of insect defoliators in
surrounding catchments, particularly when containing higher
proportions of deciduous stands. We analyzed 32-years of insect
outbreak surveys and monthly lake water chemistry data from 12
single-lake catchments (18–1045 ha in size) across Ontario,
Canada. Using mixed-effects models, we tested the effects of
defoliating insects by explicitly accounting for temporal auto-
correlation in water chemistry and variation among sites because
of disturbance history and landscape characteristics. We focused
on the dominant deciduous and coniferous defoliating insects32

of boreal and hemiboreal forests33: European gypsy moth, forest
tent caterpillar, spruce budworm (Choristoneura fumiferana), and

jack pine budworm (Choristoneura pinus). We also included two
species that first appeared in our study region between 2008 and
2010: aspen two-leaf tier (Enargia decolor) and Bruce spanworm
(Operophtera bruceata). The larvae of all these species typically
emerge in May and feed until June or late July32. After feeding,
larvae pupate before emerging as adults that deposit eggs—to
overwinter—before dying. Together, these defoliating insects
annually covered 23-times more of our study region than all bark
and wood-boring beetles combined (see Supplementary Fig. 1).
To our knowledge, our study of how insect outbreaks impact
freshwater C and N dynamics is the most extensive spatially,
temporally, and in terms of defoliator species. Previous studies
have focused at most on 1–2 defoliation events, all with single
insect species, making it difficult to extract wider generalities34–38.
Long-term studies are necessary39 to separate within- and
among-year environmental effects that can confound single
defoliation studies. As northern catchments are expected to
experience more insect outbreaks in the near future40,41, our work
highlights the importance of terrestrial disturbances as a control
of aquatic biogeochemical cycling.

Results
Insect outbreaks reduce canopy cover. Using satellite imagery
from 1985 to 2016, we found insect outbreaks were associated
with less forest cover before autumn leaf senescence (Fig. 1). We
generated monthly averages of forest cover in each catchment
from the leaf area index (LAI) using 30 m resolution Landsat
imagery. As expected, if defoliating insects consumed abundant
foliage, LAI across our 12 study catchments was lower by a mean
of 22% (95% confidence interval [CI]: 13–32%) during the
growing season when the percentage of the catchment damaged
increased from 0 to 100% (Fig. 1). The reduction in LAI peaked in
July (mean decrease: 24%; 95% CI: 15–33%), coinciding with peak
insect consumption and frass production. LAI did not differ
between outbreak and non-outbreak years in May when insect
feeding is minimal or in September and October when forests
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Fig. 1 Defoliator outbreaks reduce forest cover. We calculated the
monthly leaf area index (LAI) across 12 catchments in Ontario, Canada
from 1985 to 2016. For visualization purposes, monthly catchment-level
averages of LAI were grouped into three equal-width bins for the proportion
of the catchment area defoliated and points show the corresponding
mean ± SE. However, slopes were estimated to models fitted to non-binned
data with N= 384 per month (Supplementary Table 2). The mean value of
each bin is displayed with the corresponding range in parentheses. The
shaded area is the typical senescence period for the southern boreal forest.
Upper arrows illustrate general life stages of phytophagous insects while
lower arrows show leaf phenology. Asterisks (*) denote a statistically
significant effect of the percentage of catchment damaged on LAI within a
given month calculated using estimated marginal means (see
Supplementary Table 2). Conditional R2c = 0.81.
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begin senescing (mean 95% CI for differences in LAI: −21 to 20%
for May, September and October). When we compared forest
cover across months with no outbreaks, LAI peaked in July and
exceeded June and August values (95% CI for difference: 3–7%
and 7–12%, respectively). There was no such July peak in years
where outbreaks covered most of the catchment (95% CI: −1 to
13% and −9 to 5%, respectively, for a mean of 99% damage;
Fig. 1).

Biogeochemical consequences of insect outbreaks. Lake chem-
istry changed during insect outbreaks consistent with defoliation

that reduces available C while increasing N inputs. When we
accounted for temporal autocorrelation and variation across
lakes, DOC concentrations were lower by a mean (95% CI) of
0.71 (0.19–1.23) mg L−1 from July onwards in years with the
greatest level of insect damage, as might arise if labile frass pro-
duced by defoliators primed soil microbial activity and made less
C available to be leached (Fig. 2a). On a relative basis, DOC was
reduced by 19–24% during this period as compared with no
insect disturbance. This reduction in DOC was minimized to 0.32
(0.09–0.56) mg L−1 when only about half (45%, Fig. 2a) of the
catchment was disturbed. During years with no disturbance, lake
water DOC concentrations increased from May through July and
remained elevated until October (95% CI for the difference
between October and both May and July: 0.15 and 0.50 and −0.18
to 0.13 mg L−1, respectively; Fig. 2a). This trend was absent once
outbreaks affected ≥47% of the catchment area, with DOC
remaining consistent throughout the year (95% CI for the dif-
ference between October and both May and July: −0.004 to 0.42
and −0.23 to 0.17 mg L−1, respectively; Fig. 2a).

DIN showed the opposite pattern to DOC. We found that,
when the entire catchment was disturbed by insects, DIN
concentrations increased by a mean (95% CI) of 0.03
(0.01–0.04) mg L−1 in July when insect feeding and frass
deposition typically peak (Fig. 2b). This increase in DIN during
outbreak years persisted throughout the remaining ice-free season
with a mean (95% CI) increase of 0.03 (0.01–0.04) mg L−1. On a
relative basis, DIN concentrations peaked in October by 134%
when the percent of the area in a catchment disturbed by insects
increased from 0 to 100% (Fig. 2b). N:P ratios, therefore,
increased with insect outbreaks, as there were no corresponding
changes in total P (Supplementary Fig. 2). Irrespective of insect
defoliation, DIN concentrations always sharply decreased from
May to July before increasing from September to October
(Fig. 2b).

The effects of defoliator outbreaks on lake chemistry partly
depended on surrounding forest composition. DOC concentra-
tions decreased more during outbreaks in catchments with more
deciduous stands (Fig. 3). At the median proportion of deciduous
tree cover observed in our catchments (=0.26), an increase in the
percent of the catchment damaged by insects from 0 to 100%
decreased lake DOC concentrations by 0.48 (95% CI:
0.08–0.88) mg L−1. At the upper quartile of deciduous tree cover
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Fig. 2 Less dissolved organic carbon (DOC) and more dissolved organic
nitrogen (DIN) in lake water during defoliator outbreaks. Mean (±SE) (a)
monthly DOC and (b) DIN concentration averaged across 12 lakes from
1985 to 2016. For visualization purposes, monthly catchment-level averages
of DOC and DIN were grouped into three equal-width bins for the percent
catchment area defoliated and points show the corresponding mean ± SE.
However, slopes were estimated to models fitted to non-binned data with
N= 289–340 and 270–320 per month for DOC and DIN, respectively
(Supplementary Table 2). The mean value of each bin is displayed with the
corresponding range in parentheses. Shaded area is the typical period of
leaf senescence for the southern boreal forests. Upper arrows illustrate the
general life stages of phytophagous insects while lower arrows show leaf
senescence. Asterisks (*) denote a statistically significant effect of the
percentage of catchment damaged on either DOC or DIN within a given
month calculated using estimated marginal means (see Supplementary
Table 2). Conditional R2c = 0.63 and 0.64 in a and b, respectively.
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Fig. 3 Dissolved organic carbon (DOC) declines more strongly with insect
defoliation in catchments with a greater proportion of deciduous stands.
For visualization purposes, lines are mean DOC averaged across months at
the 25th, 50th, and 75th percentiles for the proportion of pure deciduous
forest stands in a catchment. Points (±SE) were extracted at zero and for
the three equal-width bins describing the observed proportion of defoliated
catchment area (0.15, 0.45, and 0.99; n= 48 to 1800) reported in Figs. 1
and 2. The dashed line denotes a non-statistically significant trend at low
proportions of deciduous stands. Conditional R2c = 0.63.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26666-1 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:6355 | https://doi.org/10.1038/s41467-021-26666-1 | www.nature.com/naturecommunications 3

www.nature.com/naturecommunications
www.nature.com/naturecommunications


(=0.60), this reduction reached 1.13 (95% CI: 0.28–2.00) mg L−1

over the range of insect damage—a 32% reduction on a relative
basis (i.e., black line, Fig. 3). The proportion of coniferous stands
did not change the effects of defoliators on DOC concentrations,
and defoliator effects on DIN or LAI did not vary with forest
composition (Supplementary Table 1).

Effects of insect outbreaks exceed broader between-year trends.
The magnitude of changes in lake water chemistry associated with
insect outbreaks can have broader biogeochemical consequences.
Over the 32-year period of this study, average annual DOC
concentrations have increased in the study lakes while DIN
concentrations have decreased (Supplementary Fig. 3). These
trends are part of broader, widely reported patterns across the
boreal and north temperate regions associated with recovery from
acidification and anthropogenic influences42,43. To contextualize
the impact of defoliators relative to these inter-annual trends, we
compared the change in within-year DOC concentrations from
complete catchment defoliation to between-year changes in DOC.
Between-year changes were calculated from 266 boreal and north
temperate lakes that have been relatively undisturbed between
1990 and 201644. We similarly compared within-year changes in
DIN concentrations from defoliation to between-year trends, but
only in our 12 study lakes because DIN was not measured in the
broader spatial survey. For both these analyses, we estimated the
mean annual change in DOC and DIN using our existing sta-
tistical models because only annual values were available from the
larger 266-lake data set. We found defoliator outbreaks over the
same years as in the wider data set (1990–2016) reduced annual
ice-free mean DOC concentrations by a mean (95% CI) of 0.16
(0.01–0.32) mg L−1, exceeding 85% of observations in the 266-
lake data set on an absolute basis (Fig. 4, dashed line). This
decrease exceeded the mean absolute trend in DOC across the
266-lake data set (0.08 mg L−1 yr−1) by two times. By contrast,
we found defoliator outbreaks increased annual DIN concentra-
tions by a mean (95% CI) of 0.012 (0.001–0.021) mg L−1. This
increase exceeded all annual trends observed in our 12-lake data
set over the same study period (1985–2016) and was 12-times
greater than the mean absolute annual change in those lakes
(Supplementary Fig. 3).

Insect outbreaks are also a persistent and pervasive disturbance
of catchments across this broader landscape, suggesting their

strong effects on biogeochemical trends (e.g., Fig. 4) are
ubiquitous. We counted the number of years where ≥50% of
the land area was defoliated for 60,430 catchments that
encompassed all lakes ≥5 ha within the 439,661 km2 area of
Ontario surveyed for insect outbreaks (Supplementary Fig. 4).
Over the same 22-year period as the broader biogeochemical data
set (1990–2016), individual lake catchments experienced a
median of four defoliator outbreak events (Fig. 5a). Furthermore,
within the 22 years, we found that 80% of all catchments had at
least one defoliator outbreak (Fig. 5b).

Discussion
Here we found that insect defoliator outbreaks were associated
with consistent, frequent, and widespread changes in lake DOC
and DIN concentrations that can mask background trends in
aquatic nutrient cycling. We attributed these effects to the loss
and composition of forest cover in surrounding catchments that
we detected using remote sensing. The spatial and temporal
breadth of our study, the most extensive to our knowledge, now
advances our understanding of how defoliator outbreaks alter
aquatic nutrient cycling. Most of our understanding of how
defoliators impact receiving waters comes from studies of single
defoliation events34–37,45,46. However, these studies are too short-
lived to compare the magnitude of outbreak effects with broader
temporal trends, such as increased DOC concentrations, as we do
here. By analyzing long time series while accounting for back-
ground inter-annual trends and seasonality, our results reveal
much larger effects of forest defoliators on aquatic biogeochem-
istry than previously appreciated.

During outbreaks, defoliators consume foliage and convert it to
highly biolabile frass26, which alters both C and N cycling. These
reductions in forest leaf area were greatest during mid-summer
(June to August) when insect feeding peaks24. C is then rapidly
incorporated from frass into microbial biomass and can be
respired to the atmosphere rather than accumulated in soils47,48.
Furthermore, any highly biolabile C from frass that enters adja-
cent waters may be rapidly assimilated by the aquatic microbial
community49, which will further reduce lake water DOC con-
centrations. Less C also accumulates as foliar litter because fewer
leaves/needles are shed during autumn senescence50. Conversely,
defoliators increased lake DIN concentrations through their
inefficient assimilation of foliar N and subsequent release of
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Four lakes showed no change in DOC and are omitted from the plot. The
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Fig. 5 Half of all surveyed lake catchments in Ontario, Canada experience
defoliator outbreaks at least every 5 years. a Bars are the number of
catchments with lakes ≥5 ha where insect defoliator outbreaks occurred
between 1 and ≥15 times from 1990 and 2016 (n= 48,286). The dashed
line is the median number of outbreaks per catchment across the 22-year
interval. b Cumulative proportion of catchments with at least one insect
outbreak between 1990 and 2016 (n= 60,430). Outbreaks were defined
where ≥50% of the catchment area was defoliated by aerial observation.
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soluble N-rich frass51. Although previous studies have shown that
the addition of N-rich frass to forest soils increases soil
nitrification38,52 and eventual uptake by recovering trees45, N
leaching into aquatic ecosystems still occurs25. Given that
northern lakes are often N-limited53, even small additions of N
will result in proportionally large increases in available N con-
centrations that can promote the productivity of aquatic food
webs29. The lack of an effect of insect outbreaks on lake P con-
centrations is likely owing to atmospheric deposition and wetland
export being the primary sources of P in our system rather than
allochthonous inputs from forests28.

Catchment tree cover, more specifically the types of foliage
available to convert to frass, further dictated biogeochemical
responses. Deciduous leaves are more biolabile than coniferous
needles because of their higher C:N ratio, lower lignin:N ratio,
and lower tannin concentration54,55. Increasing deciduous tree
cover will therefore increase the biolability of frass and increase
the incorporation of C into the soil and aquatic microbial com-
munities. This process explains why we found lower DOC con-
centrations in downstream waters after defoliator outbreaks in
areas with a higher proportion of purely deciduous stands. The
lack of a significant interaction in our LAI analysis between tree
cover type and catchment damage further supports our inter-
pretation that the effects of defoliators arise from the processing
of leaves/needles rather than vegetation consumption. In other
words, defoliators collectively did not discriminate between forest
types when causing damage, but the biogeochemical con-
sequences depended on the foliar type. For DIN, defoliators
assimilate so little N from leaves/needles25, the resulting frass will
likely always be high in N regardless of the differences in foliar N
concentrations between deciduous and coniferous trees. However,
as elevated CO2 levels reduce leaf nutrient content56, frass pro-
duced from insect outbreaks may become less nutrient-rich.

Our results contrast those from outbreaks of wood-boring
insects that cause up to 85% of trees to die57. For example, the
large amount of dead forest biomass produced by bark beetle
outbreaks in the western USA, combined with the increased soil
runoff resulting from less canopy cover12,16,57, releases a pulse of
OM into the surrounding environment58. Consequently, down-
stream DOC concentrations have been found to increase by 40%
after bark beetle outbreaks16. Although defoliating and wood-
boring insects can both increase N concentrations in downstream
waters12–15, these increases arise through different mechanisms
between the two insect types. Relative to defoliators, wood borers
release frass in lower quantities59 and with lower C and N
concentrations60, because their food source is less nutrient-rich
than foliage61. Wood borers are also more efficient assimilators of
N because they host N-fixing gut bacteria62, leaving their frass
much less biolabile. Instead, more N is available to be leached
from forests impacted by wood borers because the associated tree
dieback reduces N uptake12 and increases catchment N miner-
alization by adding large amounts of OM to soils63. When bark
beetles do not cause tree mortality, the increase in downstream
DIN can be weak or negligible compared with the effects of
defoliators observed here17.

Changes to terrestrial C and N inputs to lakes because of insect
outbreaks have the potential to alter food web structure and
composition. Lakes in our study region remain stratified until late
autumn64, during which algae continue to uptake nutrients65,66

and respond to changes in overlying water quality associated with
DOC inputs. During severe insect outbreaks, algal productivity in
lakes may therefore increase in late autumn due to elevated
transfer of N from forests via frass and less light attenuation by
DOC from reduced litterfall inputs. Conversely, insect outbreaks
could promote heterotrophic productivity by shifting nutrient
limitations. The productivity of both algae and heterotrophic

bacteria in northern lakes is typically limited by P, but light-, N-,
and N/P co-limitation can also occur6,10,53. As DIN concentra-
tions increase during outbreak years and total P concentrations
remain unchanged (Supplementary Fig. 2), lake N:P ratios will
increase and basal community composition may shift towards
heterotrophic bacteria that are better competitors for limited P67.
Ongoing climate change and rising CO2 concentrations will
further increase terrestrial OM export to lakes by promoting soil
runoff68 and forest growth69, respectively. These increases in
terrestrial OM and the associated accumulation of DOC70 should
also promote heterotrophic growth68 in the absence of insects.
Future studies should monitor how the competitive balance
between algae and bacteria shifts during insect outbreaks to
determine which groups are favored by corresponding changes in
nutrient cycling.

Our results have at least two implications across the wider
region given ongoing global change. First, the reduction in lit-
terfall inputs to lakes due to insects should provide a within-year
pause in DOC accumulation that enables higher whole-lake
productivity as more light and nutrients are available for algal
uptake. The northward migration of deciduous trees associated
with climate warming71 should enhance these effects by
increasing the amount of biolabile leaf litter. Second, the large
range we found in the frequency of insect outbreaks may promote
heterogeneity in catchment biogeochemistry across the
landscape72. Defoliation leads to a loss of nutrients from catch-
ments by transferring OM from forests to lakes37, ultimately
shifting the nutrient balance of C and N in lakes. More frequently
defoliated catchments may therefore experience a phase shift in
lake biogeochemistry relative to catchments with less-frequent
outbreaks. This divergence stands to be enhanced by climate
change. Forests in the study region also face an increased risk of
defoliator outbreaks73 owing to the range expansion and
increased population growth of insects associated with climate
change74. Warmer temperatures may also disrupt the relationship
between trees and insects (e.g., phenology, plant defense), which
will shift insects to areas more favorable to outbreaks74. Together,
the magnitude of change in lake biogeochemistry and the varia-
tion in outbreak frequency suggest that global C and N budgets
and models should now consider the effects of insect outbreaks
on lake biogeochemistry across spatial and temporal scales. More
generally, our results demonstrate how tracing landscape nutrient
cycles requires a better understanding of the potential connec-
tions between terrestrial and aquatic ecosystems.

Methods
Study sites. We focused on 12 lakes across the Algoma, Greater Sudbury,
Muskoka, Temiskaming regions of ON, Canada, that have been continually
monitored between 1985 and 2016. (Supplementary Table 3). All our study lakes
are thermally stratify except for Wishart Lake. Lake waters were nutrient-poor,
with total phosphorus concentrations between 3.1 and 6.0 µg L−1 and N:P ratios
between 32 and 104 measured via monthly surface grabs at the point of maximum
depth. These low concentrations should make the lakes relatively dependent on
terrestrial resource inputs75.

Our study catchments were located across the Ontario Shield ecozone that
spans boreal and hemiboreal forests33. Vegetation was consequently characterized
by a mix of coniferous and deciduous tree stands, including eastern white pine
(Pinus strobus), paper birch (Betula papyrifera), red maple (Acer rubrum), red pine
(Pinus resinosa), sugar maple (Acer saccharum), and trembling aspen (Populus
tremuloides). We defined the surrounding land that fed each lake (i.e., catchment)
using SAGA GIS v.6.3.076. A 30 m digital elevation model (DEM) obtained from
the Ontario Ministry of Natural Resources and Forestry77 was pre-processed by
filling in sinks78 before generating a flow accumulation model assuming
unidirectional water flow. When the catchments of our 12 study lakes contained
those of smaller upstream lakes, we removed the latter to ensure each catchment
was draining only one lake.

Insect monitoring. We used long-term data on the extent of insect damage across
Ontario collected by Natural Resources Canada—Canadian Forest Service (CFS)
and the Ontario Ministry of Natural Resources and Forestry (OMNRF). Annually
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since the 1940s, the CFS and OMNRF have conducted aerial flyovers of most of
Ontario (total area 439,661 km2), spanning between 44.3 and 52.4° latitude (Sup-
plementary Fig. 4). This area represents two-thirds of the Ontario Shield ecozone
(total area 653,368 km2). Flyovers occurred immediately after the peak of defo-
liation events, typically in late July79. Trained observers in the aircraft mapped the
extent and severity of any insect activity. Flight lines have varied over time but were
typically 6–10 km apart, at 170 km hr−1 and at a height of 360–600 m above
ground level79. Insect outbreaks were considered aerially mappable when moderate
to severe defoliation was observed, defined by the absence of at least 25% of foliage
cover79. As 90% of disturbance events were classified as moderate–severe in our
data set, there was effectively no variation in damage severity. We, therefore, cal-
culated the percent of each study catchment that was damaged by insects to
quantify insect disturbance in subsequent analyses. Our analysis focused on surveys
from 1985 onward to coincide with the available lake chemistry data. Using the sf
package v.0.9.880 in R v.4.1.081, we clipped polygons of annual insect damage to the
catchment boundaries of each lake.

To determine the spatial and temporal extent of insect outbreaks across
Ontario, more generally, we quantified the number of catchments in each year
where outbreaks of defoliating insect species covered ≥50% of the catchment area.
We selected 50% as a threshold to limit our analysis to only larger-scale outbreaks
thereby ensuring small events within the catchment were not overinflating our
estimates of spatial extent. We used catchments delineated by the OMNRF for all
lakes ≥5 ha82 that were within the area surveyed for insects (Supplementary Fig. 4).
The proportion of each catchment that was damaged was calculated as described
above but we included all defoliating insect species surveyed, not just the species
present in our original 12 study catchments (Supplementary Table 4). When
outbreak polygons overlapped (i.e., an outbreak of multiple species within a single
year), we combined overlapping sections to ensure the damaged area within the
catchment was not overinflated by counting polygons twice.

Forest cover during insect outbreaks. We quantified if outbreaks reduced
vegetation cover in the study catchments using LAI. LAI measures forest canopy
cover of deciduous and coniferous trees and is a better predictor of forest cover
compared with the widely used normalized difference vegetation index (NDVI)
because it is less susceptible to over-saturation at higher vegetation density and
greenness83. However, LAI imagery has a coarser resolution (500m2) and is only
available after 1999. Therefore, we calculated LAI from Landsat NDVI that is
available over our entire study period and has a finer spatial resolution. We used the
30-m, 16-day interval Landsat composite available from Robinson et al.84 from 1985
to 2016. As insect outbreaks are often localized disturbances over weeks32, noise in
NDVI during the feeding window can mask underlying signals of defoliation.
Smoothing functions can improve signal-to-noise ratio of NDVI time series by
removing random errors associated with erroneous geo-location, angular variations,
clouds, and atmospheric disturbances85, and have been used to measure the
reductions in NDVI from insect outbreaks86,87. Prior to analysis, we therefore
smoothed the NDVI time series with the Savitsky-Golay algorithm of TIMESAT
v.3.388. We then averaged NDVI across all pixels in each catchment for each month.

To convert NDVI values to LAI, we fitted a non-linear model between the
Landsat NDVI composite and MODIS LAI (MODIS/006/MCD15A3H) across our
catchments in 2016. We selected 2016 as this was the most recent year with no
insect outbreaks within the prior two years (Supplementary Fig. 5). MODIS LAI
imagery was filtered to exclude cloudy pixels and Landsat imagery was downscaled
from 30 m2 to 500 m2 by taking the median value89 after removing negative and no
data values. The Landsat imagery was then re-sampled to match the MODIS LAI
pixels before computing average annual values90. LAI and NDVI are non-linearly
related91, so we fitted a non-linear model using the nlsLM function92 in R. The
resulting model was then used to convert the average monthly NDVI values
described above to LAI (Supplementary Fig. 6).

We also calculated the proportion of each catchment that was covered by
coniferous or deciduous tree cover using the Ontario Land Cover Compilation
v.2.093. Land cover was clipped to each catchment and the proportion of total
forested area that was classified as solely deciduous or coniferous was extracted.
Using only forest area ensured we were not including land cover types that insects
would not feed on, e.g., barren, water, grasses. We also excluded mixed and sparse
forests from our analysis because there was no indication of the ratio between
coniferous and deciduous trees within these classifications.

Lake chemistry. We obtained DOC, DIN (nitrates plus ammonium), and TP
concentrations for ice-free months (May to October) for each lake to determine
how they responded to insect outbreaks. Water was collected with surface grabs
near the deepest point of each lake. Grab samples were the most consistent record
of water chemistry across all our study regions, and so used for consistency. When
multiple samples were collected per month, we averaged values. DOC and DIN
were measured with automated colorimetry using standard protocols by the
Ontario Ministry of the Environment94 for lakes in the Greater Sudbury, Muskoka,
and Temiskaming regions, and by the CFS at the Great Lakes Forestry Centre for
lakes in the Algoma region. In brief, DOC was measured by acidifying samples and
flushing them with nitrogen gas to remove inorganic carbon. Organic carbon was
then oxidized to CO2 and measured colorimetrically with a phenolphthalein
indicator95. These methods have remained consistent over the study period to

ensure the resulting DOC and DIN concentrations remain comparable
through time.

To contextualize the within-year changes in lake chemistry from insect
outbreaks, we compared the magnitude of our results with between-year trends in
DOC and DIN. For DOC, we collated data from 266 lakes in the International
Cooperative Programme on Assessment and Monitoring of the Effects of Air
Pollution on Rivers and Lakes (ICP Waters) Programme that monitors water
chemistry across the boreal and north temperate. Catchments monitored by ICP
Waters are selected to avoid disturbance96, and their broad spatial coverage makes
it ideally suited to track trends in lake chemistry more generally. For each lake, we
calculated the absolute Theil-Sen slope for the inter-annual trend in DOC
concentrations between 1990 and 2016. This approach provides a non-parametric
estimate of the slope of a linear regression line fitted through two variables that is
more robust to outliers. We compared these values to the change (i.e., slope) in
mean annual DOC concentrations associated with complete catchment
disturbance. The effect of insect damage was estimated from mixed-effects models
fitted to our 12 study lakes between 1990 and 2016 (see below for fitting
procedure). For DIN, we calculated between-year trends from our 12 study lakes
because the wider ICP waters data set does not sample DIN. Like for DOC, we
calculated the absolute Theil-Sen slope for the temporal trend in mean annual DIN
in each lake and compared it to the estimated within-year effect of insect
defoliation.

Statistical analyses. To test the impacts of insect outbreaks on LAI, DOC, DIN,
TP, and DIN:TP in the 12 study lakes, we fitted separate mixed-effects models to
each variable using the nlme package v.3.1.152 in R97. The percent of catchment
disturbed by defoliators was included as a fixed effect. As defoliation is generally
limited to May through July, and terrestrial OM inputs to lakes typically peak in
autumn (Sept/Oct), we also let the effect of disturbance vary with sampling month
(i.e., statistical interaction between months and disturbance). Doing so allowed us
to determine if the effects of insect defoliators were specific to certain months
during the ice-free season. We also tested if the effects of insect defoliation
depended on foliar type by including an interaction between percent damaged and
forest cover (deciduous and coniferous). Finally, we included forest cover as the
main effect in our model. We accounted for variation among sites, such as
those associated with differences in disturbance history, climate, timing of strati-
fication events, and soil type, by including catchment identity as a random effect.
Including catchments as a random effect ensures that our model output represents
the overall effect of insect outbreaks on lake biogeochemistry while incorporating
the variation across catchments. We also accounted for temporal autocorrelation in
each response by estimating a continuous first-order autoregressive (CAR1) error
structure within each lake. The CAR1 structure ensures that the observed trends in
our response variables were not reflecting other seasonal or long-term processes,
e.g., brownification or forest greening. The emmeans package v.1.6.0 in R98 was
used to calculate 95% CIs and compare between groups.

Data availability
MODIS/006/MCD15A3H is available from Google Earth Engine. Landsat composite data
are available through https://ndvi.ntsg.umt.edu. The International Cooperative
Programme for assessment and monitoring of the effects of air pollution on rivers and
lakes data set (ICP Waters) is available at http://www.icp-waters.no. The lake chemistry,
insect outbreak, and catchment data used in this study have been deposited in the
Zenodo database (https://doi.org/10.5281/zenodo.5517857).

Code availability
The code is provided in the supplementary file entitled Supplementary Code.

Received: 9 March 2021; Accepted: 7 October 2021;

References
1. Fowler, D. et al. The global nitrogen cycle in the twenty-first century. Philos.

Trans. R. Soc. B Biol. Sci. 368, 20130164 (2013).
2. Drake, T. W., Raymond, P. A. & Spencer, R. G. M. Terrestrial carbon inputs to

inland waters: a current synthesis of estimates and uncertainty. Limnol.
Oceanogr. Lett. 3, 132–142 (2018).

3. Tanentzap, A. J. et al. Terrestrial support of lake food webs: synthesis reveals
controls over cross-ecosystem resource use. Sci. Adv. 3, e1601765 (2017).

4. Michalzik, B., Kalbitz, K., Park, J. H., Solinger, S. & Matzner, E. Fluxes and
concentrations of dissolved organic carbon and nitrogen – a synthesis for
temperate forests. Biogeochemistry 52, 173–205 (2001).

5. Williamson, C. E., Morris, D. P., Pace, M. L. & Olson, O. G. Dissolved organic
carbon and nutrients as regulators of lake ecosystems: Resurrection of a more
integrated paradigm. Limnol. Oceanogr. 44, 795–803 (1999).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26666-1

6 NATURE COMMUNICATIONS |         (2021) 12:6355 | https://doi.org/10.1038/s41467-021-26666-1 | www.nature.com/naturecommunications

https://ndvi.ntsg.umt.edu
http://www.icp-waters.no
https://doi.org/10.5281/zenodo.5517857
www.nature.com/naturecommunications


6. Karlsson, J. et al. Light limitation of nutrient-poor lake ecosystems. Nature
460, 506–509 (2009).

7. Tanentzap, A. J. et al. Cooling lakes while the world warms: effects of forest
regrowth and increased dissolved organic matter on the thermal regime of a
temperate, urban lake. Limnol. Oceanogr. 53, 404–410 (2008).

8. Gillis, P. L., McGeer, J. C., Mackie, G. L., Wilkie, M. P. & Ackerman, J. D. The
effect of natural dissolved organic carbon on the acute toxicity of copper to
larval freshwater mussels (glochidia). Environ. Toxicol. Chem. 29, 2519–2528
(2010).

9. Hessen, D. O. Inorganic nitrogen deposition and its impacts on N:P-ratios and
lake productivity. Water 5, 327–341 (2013).

10. Bergström, A. K., Blomqvist, P. & Jansson, M. Effects of atmospheric nitrogen
deposition on nutrient limitation and phytoplankton biomass in unproductive
Swedish lakes. Limnol. Oceanogr. 50, 987–994 (2005).

11. Williams, C. A., Gu, H., MacLean, R., Masek, J. G. & Collatz, G. J. Disturbance
and the carbon balance of US forests: a quantitative review of impacts from
harvests, fires, insects, and droughts. Glob. Planet. Change 143, 66–80 (2016).

12. Mikkelson, K. M. et al. Bark beetle infestation impacts on nutrient cycling,
water quality and interdependent hydrological effects. Biogeochemistry 115,
1–21 (2013).

13. Huber, C. Long lasting nitrate leaching after bark beetle attack in the
highlands of the Bavarian Forest National park. J. Environ. Qual. 34,
1772–1779 (2005).

14. Tokuchi, N., Ohte, N., Hobara, S., Kim, S.-J. & Masanori, K. Changes in
biogeochemical cycling following forest defoliation by pine wilt disease in
Kiryu experimental catchment in Japan. Hydrol. Process. 18, 2727–2736 (2004).

15. Clow, D. W., Rhoades, C., Briggs, J., Caldwell, M. & Lewis, W. M. Responses
of soil and water chemistry to mountain pine beetle induced tree mortality in
Grand County, Colorado, USA. Appl. Geochem. 26, S174–S178 (2011).

16. Mikkelson, K. M., Dickenson, E. R., Maxwell, R. M., McCray, J. E. & Sharp, J.
O. Water-quality impacts from climate-induced forest die-off. Nat. Clim.
Change 3, 218–222 (2013).

17. Rhoades, C. C. et al. Biogeochemistry of beetle-killed forests: explaining a
weak nitrate response. Proc. Natl. Acad. Sci. 110, 1756–1760 (2013).

18. Hollinger, D. Y. Herbivory and the cycling of nitrogen and phosphorus in
isolated California oak trees. Oecologia 70, 291–297 (1986).

19. Chapman, S. K., Hart, S. C., Cobb, N. S., Whitham, T. G. & Koch, G. W. Insect
herbivory increases litter quality and decomposition: an extension of the
acceleration hypothesis. Ecology 84, 2867–2876 (2003).

20. le Mellec, A., Gerold, G. & Michalzik, B. Insect herbivory, organic matter
deposition and effects on belowground organic matter fluxes in a central
European oak forest. Plant Soil 342, 393–403 (2011).

21. Gill, A. L. et al. Changes in autumn senescence in northern hemisphere
deciduous trees: a meta-analysis of autumn phenology studies. Ann. Bot. 116,
875–888 (2015).

22. Carlisle, A., Brown, A. H. F. & White, E. J. Litter fall, leaf production and the
effects of defoliation by tortrix viridana in a sessile Oak (Quercus Petraea)
woodland. J. Ecol. 54, 65–85 (1966).

23. Volney, W. J. A. & Fleming, R. A. Climate change and impacts of boreal forest
insects. Agric. Ecosyst. Environ. 82, 283–294 (2000).

24. le Mellec, A., Habermann, M. & Michalzik, B. Canopy herbivory altering C to
N ratios and soil input patterns of different organic matter fractions in a Scots
pine forest. Plant Soil 325, 255–262 (2009).

25. Lovett, G. M. et al. Insect defoliation and nitrogen cycling in forests:
laboratory, plot, and watershed studies indicate that most of the nitrogen
released from forest foliage as a result of defoliation by insects is redistributed
within the ecosystem, whereas only a small fraction of nitrogen is lost by
leaching. BioScience 52, 335–341 (2002).

26. Lovett, G. M. & Ruesink, A. E. Carbon and nitrogen mineralization from
decomposing gypsy moth frass. Oecologia 104, 133–138 (1995).

27. Frost, C. J. & Hunter, M. D. Insect canopy herbivory and frass deposition
affect soil nutrient dynamics and export in Oak mesocosms. Ecology 85,
3335–3347 (2004).

28. Eimers, M. C., Watmough, S. A., Paterson, A. M., Dillon, P. J. & Yao, H. Long-
term declines in phosphorus export from forested catchments in south-central
Ontario. Can. J. Fish. Aquat. Sci. 66, 1682–1692 (2009).

29. Meunier, C. L., Gundale, M. J., Sánchez, I. S. & Liess, A. Impact of nitrogen
deposition on forest and lake food webs in nitrogen-limited environments.
Glob. Change Biol. 22, 164–179 (2016).

30. Kuiters, A. T. & Sarink, H. M. Leaching of phenolic compounds from leaf and
needle litter of several deciduous and coniferous trees. Soil Biol. Biochem. 18,
475–480 (1986).

31. Madritch, M. D., Donaldson, J. R. & Lindroth, R. L. Canopy herbivory can
mediate the influence of plant genotype on soil processes through frass
deposition. Soil Biol. Biochem. 39, 1192–1201 (2007).

32. Hall, R. J., Skakun, R. S. & Aresenault, E. Remotely Sensed Data in the
Mapping of Insect Defoliation. in Understanding Forest Disturbance and
Spatial Pattern: Remote Sensing and GIS Approaches 85–111 (2007).

33. Brandt, J. P. The extent of the North American boreal zone. Environ. Rev. 17,
101–161 (2009).

34. Swank, W. T., Waide, J. B., Crossley, D. A. & Todd, R. L. Insect defoliation
enhances nitrate export from forest ecosystems. Oecologia 51, 297–299 (1981).

35. Webb, J. R., Cosby, B. J., Deviney, F. A., Eshleman, K. N. & Galloway, J. N.
Change in acid-base status of an appalachian mountain catchment following
forest defoliation by the gypsy moth. Water Air. Soil Pollut. 85, 535–540
(1995).

36. Eshleman, K. N. et al. Temporal patterns of nitrogen leakage from mid-
Appalachian forested watersheds: role of insect defoliation. Water Resour. Res.
34, 2005–2116 (1998).

37. Reynolds, B. C., Hunter, M. D. & Crossley, D. A. Jr. Effects of canopy
herbivory on nutrient cycling in a northern hardwood forest in western North
Carolina. Selbyana 21, 74–78 (2000).

38. Lewis, G. P. & Likens, G. E. Changes in stream chemistry associated with
insect defoliation in a Pennsylvania hemlock-hardwoods forest. Forest Ecol.
Manag. 238, 199–211 (2007).

39. Wilkinson, G. M., Walter, J., Fleck, R. & Pace, M. L. Beyond the trends: the
need to understand multiannual dynamics in aquatic ecosystems. Limnol.
Oceanogr. Lett. 5, 281–286 (2020).

40. Bale, J. S. et al. Herbivory in global climate change research: direct effects of
rising temperature on insect herbivores. Glob. Change Biol. 8, 1–16 (2002).

41. Jepsen, J. U., Hagen, S. B., Ims, R. A. & Yoccoz, N. G. Climate change and
outbreaks of the geometrids Operophtera brumata and Epirrita autumnata in
subarctic birch forest: evidence of a recent outbreak range expansion. J. Anim.
Ecol. 77, 257–264 (2008).

42. Monteith, D. T. et al. Dissolved organic carbon trends resulting from changes
in atmospheric deposition chemistry. Nature 450, 537–540 (2007).

43. Vuorenmaa, J. et al. Long-term changes (1990–2015) in the atmospheric
deposition and runoff water chemistry of sulphate, inorganic nitrogen and
acidity for forested catchments in Europe in relation to changes in emissions
and hydrometeorological conditions. Sci. Total Environ. 625, 1129–1145
(2018).

44. ICP Waters contributors. Dataset: trends in annual surface water chemistry
for acid-sensitive regions in Europe and North America (1990 to 2012). ICP-
Waters Programme Centre (2020).

45. Christenson, L. M., Lovett, G. M., Mitchell, M. J. & Groffman, P. M. The fate
of nitrogen in gypsy moth frass deposited to an oak forest floor. Oecologia 131,
444–452 (2002).

46. Bormann, F. H. & Likens, G. E. Pattern and process in a forested ecosystem:
disturbance, development and the steady state based on the Hubbard Brook
ecosystem study. (Springer Science & Business Media, 2012).

47. I-M-Arnold, A. et al. Forest defoliator pests alter carbon and nitrogen cycles.
R. Soc. Open Sci. 3, 160361 (2016).

48. Hillstrom, M., Meehan, T. D., Kelly, K. & Lindroth, R. L. Soil carbon and
nitrogen mineralization following deposition of insect frass and greenfall from
forests under elevated CO 2 and O 3. Plant Soil 336, 75–85 (2010).

49. Tranvik, L., Olofsson, H. & Bertilsson, S. Photochemical effects on bacterial
degradation of dissolved organic matter in lake water. inMicrobial Biosystems:
New Frontiers, Proceedings of the 8th International Symposium on Microbial
Ecology 193–200 (Atlantic Canada Society for Microbial Ecology Halifax,
Canada, 1999).

50. Bowden, R. D. et al. Litter input controls on soil carbon in a temperate
deciduous forest. Soil Sci. Soc. Am. J. 78, S66–S75 (2014).

51. Lovett, G. M., Hart, J. E., Christenson, L. M. & Jones, C. G. Caterpillar guts
and ammonia volatilization: retention of nitrogen by gypsy moth larvae
consuming oak foliage. Oecologia 117, 513–516 (1998).

52. Lovett, G. M., Arthur, M. A., Weathers, K. C. & Griffin, J. M. Long-term
changes in forest carbon and nitrogen cycling caused by an introduced pest/
pathogen complex. Ecosystems 13, 1188–1200 (2010).

53. Bergström, A. K. & Jansson, M. Atmospheric nitrogen deposition has caused
nitrogen enrichment and eutrophication of lakes in the northern hemisphere.
Glob. Change Biol. 12, 635–643 (2006).

54. Cornwell, W. K. et al. Plant species traits are the predominant control on litter
decomposition rates within biomes worldwide. Ecol. Lett. 11, 1065–1071 (2008).

55. Giardina, C. P., Ryan, M. G., Hubbard, R. M. & Binkley, D. Tree species and
soil textural controls on carbon and nitrogen mineralization rates. Soil Sci. Soc.
Am. J. 65, 1272–1279 (2001).

56. Ellsworth, D. S. et al. Photosynthesis, carboxylation and leaf nitrogen
responses of 16 species to elevated pCO2 across four free-air CO2 enrichment
experiments in forest, grassland and desert. Glob. Change Biol. 10, 2121–2138
(2004).

57. Huber, C., Baumgarten, M., Göttlein, A. & Rotter, V. Nitrogen turnover and
nitrate leaching after bark beetle attack in mountainous spruce stands of the
Bavarian Forest National Park. Water Air Soil Pollut. Focus 4, 391–414 (2004).

58. Griffin, J. M., Turner, M. G. & Simard, M. Nitrogen cycling following
mountain pine beetle disturbance in lodgepole pine forests of Greater
Yellowstone. Ecol. Manag 261, 1077–1089 (2011).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26666-1 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:6355 | https://doi.org/10.1038/s41467-021-26666-1 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


59. Turner, J. & Long, J. N. Accumulation of organic matter in a series of
Douglas-fir stands. Can. J. Res. 5, 681–690 (1975).

60. Turner, J. Nutrient cycling in Douglas-fir with respect to age and nutrient
status. Ann. Bot. 42, 159–170 (1981).

61. Gosz, J. R., Likens, G. E. & Bormann, F. H. Nutrient content of litter fall on the
Hubbard Brook Experimental Forest, New Hampshire. Ecology 53, 770–784
(1972).

62. Bridges, J. R. Nitrogen-fixing bacteria associated with bark beetles. Microb.
Ecol. 7, 131–137 (1981).

63. Morehouse, K., Johns, T., Kaye, J. & Kaye, M. Carbon and nitrogen cycling
immediately following bark beetle outbreaks in southwestern ponderosa pine
forests. Foresr Ecol. Manag. 255, 2698–2708 (2008).

64. Guseva, S. et al. Multimodel simulation of vertical gas transfer in a temperate
lake. Hydrol. Earth Syst. Sci. 24, 697–715 (2020).

65. Watkins, E. M., Schindler, D. W., Turner, M. A. & Findlay, D. Effects of solar
ultraviolet radiation on epilithic metabolism, and nutrient and community
composition in a clear-water boreal lake. Can. J. Fish. Aquat. Sci. 58, 12 (2001).

66. Hampton, S. E. et al. Ecology under lake ice. Ecol. Lett. 20, 98–111 (2017).
67. Currie, D. J. & Kalff, J. A comparison of the abilities of freshwater algae and

bacteria to acquire and retain phosphorus. Limnol. Oceanogr. 29, 298–310 (1984).
68. Rochelle-Newall, E. et al. Impacts of elevated atmospheric CO 2 concentration

on terrestrial-aquatic carbon transfer and a downstream aquatic microbial
community. Aquat. Sci. 80, 1–14 (2018).

69. Larsen, S., Andersen, T. & Hessen, D. O. Climate change predicted to cause severe
increase of organic carbon in lakes. Glob. Change Biol. 17, 1186–1192 (2011).

70. Kritzberg, E. S. et al. Browning of freshwaters: consequences to ecosystem
services, underlying drivers, and potential mitigation measures. Ambio 49,
375–390 (2020).

71. Boisvert-Marsh, L., Périé, C. & de Blois, S. Shifting with climate? Evidence for
recent changes in tree species distribution at high latitudes. Ecosphere 5, 1–33
(2014).

72. Turner, M. G. Disturbance and landscape dynamics in a changing world.
Ecology 91, 2833–2849 (2010).

73. Seidl, R. et al. Forest disturbances under climate change. Nat. Clim. Change 7,
395–402 (2017).

74. Pureswaran, D. S., Roques, A. & Battisti, A. Forest insects and climate change.
Curr. Rep. 4, 35–50 (2018).

75. Karlsson, J. et al. Terrestrial organic matter support of lake food webs:
evidence from lake metabolism and stable hydrogen isotopes of consumers.
Limnol. Oceanogr. 57, 1042–1048 (2012).

76. Conrad, O. et al. System for automated geoscientific analyses (SAGA) v. 2.1.4.
Geosci. Model. Dev. 8, 1991–2007 (2015).

77. Ministry of Natural Resources and Forestry (MNRF). Provincial Digital
Elevation Model – Version 3.0. (2013).

78. Wang, L. & Liu, H. An efficient method for identifying and filling surface
depressions in digital elevation models for hydrologic analysis and modelling.
Int. J. Geogr. Inf. Sci. 20, 193–213 (2006).

79. Candau, J.-N., Fleming, R. A. & Hopkin, A. Spatiotemporal patterns of large-
scale defoliation caused by the spruce budworm in Ontario since 1941. Can. J.
Res. 28, 1733–1741 (1998).

80. Pebesma, E. Simple features for R: standardized support for spatial vector data.
R. J. 10, 439–446 (2018).

81. R Core Team. R: A Language and Environment for Statistical Computing. (R
Foundation for Statistical Computing, 2019).

82. Ontario Ministry of Natural Resources and Forestry - Provincial Mapping
Unit. Ontario Integrated Hydrology Data. (2011).

83. Goswami, S., Gamon, J., Vargas, S. & Tweedie, C. Relationships of NDVI,
Biomass, and Leaf Area Index (LAI) for six key plant species in Barrow, Alaska.
https://peerj.com/preprints/913v1 (2015) https://doi.org/10.7287/
peerj.preprints.913v1.

84. Robinson, N. P. et al. A dynamic landsat derived normalized difference
vegetation index (NDVI) product for the conterminous United States. Remote
Sens. 9, 863 (2017).

85. Eklundh, L., Jönsson, P. & Kuusk, A. Investigating modelled and observed
Terra/MODIS 500-m reflectance data for viewing and illumination effects.
Adv. Space Res. 39, 119–124 (2007).

86. Eklundh, L., Johansson, T. & Solberg, S. Mapping insect defoliation in Scots pine
with MODIS time-series data. Remote Sens. Environ. 113, 1566–1573 (2009).

87. Olsson, P.-O., Heliasz, M., Jin, H. & Eklundh, L. Mapping the reduction in
gross primary productivity in subarctic birch forests due to insect outbreaks.
Biogeosciences (2017) https://doi.org/10.5194/bg-14-1703-2017.

88. Jönsson, P. & Eklundh, L. TIMESAT—a program for analyzing time-series of
satellite sensor data. Comput. Geosci. 30, 833–845 (2004).

89. GDAL/OGR contributors. GDAL/OGR Geospatial Data Abstraction software
Library. (Open Source Geospatial Foundation, 2020).

90. Etten, R. J. H. & J. van. raster: Geographic analysis and modeling with raster
data. (2012).

91. Turner, D. P., Cohen, W. B., Kennedy, R. E., Fassnacht, K. S. & Briggs, J. M.
Relationships between leaf area index and landsat TM spectral vegetation indices
across three temperate zone sites. Remote Sens. Environ. 70, 52–68 (1999).

92. Elzhov, T. V., Mullen, K. M., Spiess, A.-N. & Bolker, B. minpack.lm: R
Interface to the Levenberg-Marquardt Nonlinear Least-Squares Algorithm
Found in MINPACK, Plus Support for Bounds. (2016).

93. Ministry of Natural Resources and Forestry. Dataset: Ontario Land Cover
Compilation v.2.0. Ont. GeoHub (2020).

94. Ontario Ministry of Environment. Handbook of Analytical Methods for
Environmental Samples - Volumes 1 and 2. (1983).

95. Dillon, P. J. & Molot, L. A. Long-term trends in catchment export and lake
retention of dissolved organic carbon, dissolved organic nitrogen, total iron,
and total phosphorus: The Dorset, Ontario, study, 1978–1998. J. Geophys. Res.
Biogeosci. 110, (2005).

96. Skjelkvåle, B. & others. ICP Waters Programme Manual 2010 (ICP Waters
Report 105/2010). (2010).

97. Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team. nlme: Linear
and Nonlinear Mixed Effects Models. (2020).

98. Lenth, R. emmeans: Estimated Marginal Means, aka Least-Squares Means.
(2020).

Acknowledgements
We thank Jocelyne Heneberry, Ron Ingram, Andrew Paterson, Michael McTavish, Brian
Kielstra, Laura Bentley, and Erika Freeman for their guidance in collating and analyzing
our data, and W. Wyatt Hoback and two anonymous reviewers for comments that
improved an earlier draft. We would also like to thank CFS, OMNRF, the Inland Waters
Unit of the Ontario Ministry of the Environment, Conservation and Parks, and the
Climate Change and Atmosphere Pollutants program from Environment and Climate
Change Canada for providing us with access to the insect disturbance and lake chemistry
data used in this publication under the Open Government License—Canada. This work
was supported by Natural Environment Research Council grant (NE/L006561/1) to
A.J.T. and the Ontario Centres of Excellence (OCE/27649) and the Natural Sciences and
Engineering Research Council of Canada (NSERC/509182-17) to J.M.G.

Author contributions
S.G.W., J.M.G., and A.J.T. conceived the study. S.G.W. collated the data sets with
assistance from R.E.F. for the insect outbreak data. S.K. helped analyze LAI data. E.J.S.E.,
J.M.G., and J.A.R. assisted with the acquisition of lake chemistry data. S.G.W. analyzed
the data and wrote the manuscript with input from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26666-1.

Correspondence and requests for materials should be addressed to Samuel G.
Woodman.

Peer review information Nature Communications thanks Nobuhito Ohte, Tarja Silfver
and Wyatt Hoback for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26666-1

8 NATURE COMMUNICATIONS |         (2021) 12:6355 | https://doi.org/10.1038/s41467-021-26666-1 | www.nature.com/naturecommunications

https://peerj.com/preprints/913v1
https://doi.org/10.7287/peerj.preprints.913v1
https://doi.org/10.7287/peerj.preprints.913v1
https://doi.org/10.5194/bg-14-1703-2017
https://doi.org/10.1038/s41467-021-26666-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Forest defoliator outbreaks alter nutrient cycling in northern waters
	Results
	Insect outbreaks reduce canopy cover
	Biogeochemical consequences of insect outbreaks
	Effects of insect outbreaks exceed broader between-year trends

	Discussion
	Methods
	Study sites
	Insect monitoring
	Forest cover during insect outbreaks
	Lake chemistry
	Statistical analyses

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




