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PERSPECTIVE 

Variation in reciprocal subsidies between lakes and land: 
perspectives from the mountains of California1 

Jonah Piovia-Scott, Steven Sadro, Roland A. Knapp, James Sickman, Karen L. Pope, and Sudeep Chandra 

Abstract: Lakes are connected to surrounding terrestrial habitats by reciprocal flows of energy and nutrients. We synthesize data 
from California’s mountain lake catchments to investigate how these reciprocal subsidies change along an elevational gradient and 
with the introduction of a top aquatic predator. At lower elevations, well-developed terrestrial vegetation provides relatively large 
inputs of organic material to lakes, whereas at higher elevations, the paucity of terrestrial vegetation provides minimal organic input 
but allows for higher inputs of inorganic nitrogen. There are also pronounced elevational patterns in amphibians and aquatic insects, 
which represent important vectors for resource flows from lakes back to land. The introduction of trout can reduce this lake-to-land 
resource transfer, as trout consume amphibians and aquatic insects. We propose a conceptual model in which within-lake processes 
influence terrestrial consumers at higher elevations, while terrestrial inputs govern within-lake processes at lower elevations. This 
model contributes to a more general understanding of the connections between aquatic and terrestrial habitats in complex land­
scapes. 

Résumé : Les lacs sont reliés aux habitats terrestres qui les entourent par des flux réciproques d’énergie et de nutriments. Nous 
mettons en rapport des données tirées de bassins versants de lacs de montagne en Californie pour étudier les variations de ces apports 
réciproques le long d’un gradient altitudinal et après l’introduction d'un prédateur aquatique de niveau trophique supérieur. À basse 
altitude, une végétation terrestre bien développée fournit de relativement grands apports de matière organique aux lacs, alors qu’à 
plus haute altitude, la rareté de la végétation terrestre fournit peu d’apports organiques, mais permet des apports d’azote inorganique 
plus importants. Des variations altitudinales marquées sont également observées chez les amphibiens et les insectes aquatiques, qui 
représentent d’importants vecteurs pour les flux de ressources des lacs vers la terre. L’introduction de truites peut réduire ce transfert 
de ressources des lacs vers la terre, puisque les truites consomment des amphibiens et des insectes aquatiques. Nous proposons un 
modèle conceptuel dans lequel les processus internes des lacs influencent les consommateurs terrestres à plus haute altitude, alors 
que les apports terrestres régissent les processus internes des lacs de plus basse altitude. Ce modèle participe à une compréhension 
plus générale des liens entre les habitats aquatiques et terrestres dans des paysages complexes. [Traduit par la Rédaction] 

Introduction	 each other (Vander Zanden and Gratton 2011), which hampers efforts 
to forge a more holistic understanding of the dynamical interdepen-The transport of energy and resources across habitat boundaries 
dence of these linked aquatic and terrestrial systems. has important consequences for food-web dynamics and ecosystem 

Terrestrial inputs exert a number of fundamental controls on function (Polis et al. 1997, 2004; Loreau et al. 2003; Richardson and 
the structure and function of aquatic ecosystems. The overall level Sato 2015). Most studies of cross-ecosystem resource subsidies have 
of primary and secondary production that a lake supports is largely focused on a single direction of resource flow, e.g., the transport of 
determined by nutrient concentrations (Naumann 1919; Carlsonterrestrial organic matter into aquatic ecosystems (Caraco and Cole 

2004). However, resources frequently move in both directions across 1977) that, in turn, are often dependent on watershed sources (Odum 

habitat boundaries, and these reciprocal linkages can play an impor- 1969; Hutchinson 1970). In addition to nutrients such as nitrogen and 

tant role in determining the trophic structure of landscapes (Nakano phosphorous, organic carbon has emerged as a second principal axis 

and Murakami 2001; Baxter et al. 2004; Leroux and Loreau 2011). governing aquatic ecosystems (Williamson et al. 1999). Terrestrially 
Among the best studied cross-boundary resource flows are those derived organic carbon can influence lake ecosystem function by 
between lakes and their surrounding catchments (Cole et al. 1994, acting as a metabolic substrate for heterotrophic microorganisms 
2011; del Giorgio et al. 1999; Prairie et al. 2002; Gratton et al. 2008; (del Giorgio and Peters 1994; Pace et al. 2004), often leading to rates of 
Gratton and Vander Zanden 2009). However, reciprocal linkages be- ecosystem respiration that are higher than primary production, re-
tween lakes and land have largely been studied in isolation from sulting in net ecosystem heterotrophy (Prairie et al. 2002; Hanson 
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et al. 2003). Although terrestrial inputs of organic materials also 
support higher level consumers in both benthic (Hershey et al. 2006; 
Solomon et al. 2011) and pelagic (Vander Zanden et al. 2006; Francis 
and Schindler 2009; Cole et al. 2011) habitats, this effect can be weak 
(Brett et al. 2009; Francis et al. 2011; Mehner et al. 2015) and the factors 
that determine the extent to which terrestrial resources support 
aquatic consumers remain poorly understood. 

For most lakes, the total amount of energy and resources trans­
ferred from the lake to the surrounding terrestrial habitats is likely 
to be dwarfed by terrestrial inputs to the lake (Vander Zanden and 
Gratton 2011). However, the resources flowing out of lakes (mostly in 
the form of animal biomass) tend to be high-quality food items, and 
aquatic resources can be just as important to terrestrial animals as 
terrestrial resources are to aquatic animals (Bartels et al. 2012). The 
emergence of aquatic insects (Gratton and Vander Zanden 2009; 
Bartrons et al. 2013; Dreyer et al. 2015) and amphibians (Regester et al. 
2006; Gibbons et al. 2006; Schriever et al. 2013) are the best studied 
lake-to-land resource flows, and these subsidies can have important 
effects on terrestrial ecosystems (Richardson and Sato 2015). For ex­
ample, changes in consumer density and behavior associated with 
emerging aquatic insects can have cascading top-down effects on 
lower trophic levels in riparian areas surrounding streams (Henschel 
et al. 2001; Murakami and Nakano 2002; Sabo and Power 2002), and 
the deposition of aquatic insect carcasses can represent an important 
source of nutrients to terrestrial plants near lakes (Hoekman et al. 
2012), with consequent bottom-up effects on higher trophic levels 
(Bultman et al. 2014). 

Although connections between aquatic and terrestrial habitats 
are clear, ecologists are still working towards understanding the 
dynamical interdependence of linked aquatic and terrestrial sys­
tems. This interdependence manifests itself in both food-web prop­
erties (e.g., interaction strengths, feeding behavior) and ecosystem 
processes (e.g., rates of production and energy flux) (Marcarelli et al. 
2011). For example, in a groundbreaking study evaluating reciprocal 
linkages between streams and surrounding forests, Nakano 
and Murakami (2001) showed that aquatic insects represent an im­
portant fraction of the annual energy budget of forest birds and that 
terrestrial insects play a similar role for fish. These reciprocal re­
source subsidies stabilized consumer communities on both sides of 
the aquatic–terrestrial boundary, highlighting the importance 
of evaluating aquatic habitats and surrounding catchments as inter­
linked ecological units. While there is still relatively little empirical 
work on reciprocal subsidies (but see Greig et al. 2012; Scharnweber 
et al. 2014), recent theoretical studies have used the meta-ecosystem 
framework (Loreau et al. 2003) as a foundation to explore the dynam­
ics of ecosystems linked by reciprocal subsidies. These studies high­
light the importance of the magnitude, composition, and timing of 
reciprocal subsidies in determining the structure and function of 
linked ecosystems (Gravel et al. 2010; Leroux and Loreau 2011). 

The strong gradients in catchment characteristics and climatic 
variables found in mountainous landscapes provide an excellent 
opportunity to evaluate the effects of environmental heterogene­
ity on the magnitude, composition, and timing of reciprocal sub­
sidies. In this paper, we synthesize data from previously published 
work and ongoing projects to formulate a conceptual model de­
scribing the effects of elevation and introduced trout on cross-
ecosystem subsidies between lakes and surrounding catchments in 
the mountains of California. Our main goal is to assess how catch­
ment and community context influence the role of lakes as hotspots 
of carbon and nutrient processing and sources of prey in landscapes. 

Study system: California’s mountain lakes 
The mountains of California provide a superb natural labora­

tory to study lake–land linkages across environmental gradients. 
Many of California’s mountain lakes are found in the Sierra Ne­
vada and Klamath mountain ranges, and lake catchments in these 
ranges are the focus of our review. The Sierra Nevada and Klamath 

ranges contain thousands of comparatively small (median size is 
approximately 2 ha), naturally formed lakes, nearly all of which are 
glacial in origin and occur at elevations between 1500 and 3500 m. 
Mountain lakes tend to be oligotrophic and clear-watered, which 
makes them highly sensitive to even small changes in terres­
trial inputs of nutrients or organic matter. Aquatic macrophytes are 
relatively uncommon (with the exception of sedges in shallow litto­
ral zones), so the base of the aquatic food web is represented mostly 
by autotrophic and heterotrophic microorganisms (both ben­
thic and pelagic). 

Perhaps most importantly from the standpoint of developing a 
conceptual understanding of reciprocal lake–land resource subsi­
dies, California’s mountain lakes and their surrounding catch­
ments are characterized by strong elevation gradients that regulate 
a number of ecologically important abiotic and biotic factors (Fig. 1). 
These include elevational gradients in temperature, terrestrial vege­
tation cover, and soil development. Elevation and catchment char­
acteristics can be broadly used to classify lakes as either high- or 
low-elevation lakes, with the tree line (2000–2900 m depending 
on latitude) as a good general delineation between the two. 
Low-elevation lakes are warmer and generally occur in catchments 
consisting of mixed coniferous forest with reasonably well-developed 
soils. In contrast, high-elevation alpine lakes are colder and typically 
exist in catchments dominated by bare rock, with little vegetation or 
soil organic matter (Fig. 1). Elevation also has important influences 
on the duration of the snow-free period, and the proportion of pre­
cipitation falling as snow. Elevation is not the only environmental 
factor that has the potential to influence reciprocal subsidies in Cal­
ifornia’s mountain lakes. For example, lake area and depth have 
important effects on species composition in Sierra Nevada lakes 
(Knapp et al. 2001b, 2005; Knapp 2005). However, we chose to focus 
on elevation, as it is the dominant factor regulating catchment char­
acteristics and aquatic communities show strong and consistent re­
sponses to elevational gradients (Knapp et al. 2001b, 2005; Knapp 2005). 

Historically, natural fish barriers prevented fish from coloniz­
ing most of California’s mountain lakes following the most recent 
glaciation 10 000 years ago. Despite such natural barriers, the ma­
jority of lakes now contain trout (primarily Salvelinus fontinalis, 
Oncorhynchus mykiss, and Salmo trutta) that were introduced within 
the last 120 years for recreational angling purposes (Knapp et al. 
2001a). This creates a patchwork in which most lakes are now occu­
pied by an introduced top predator, while a smaller number exist in 
their naturally fishless state. Trout have dramatic effects on aquatic 
communities in California’s mountain lakes, and these effects tend 
to be at least as important as the effects of abiotic environmental 
variables, if not more so (Knapp et al. 2005; Pope et al. 2009). Because 
introduced trout have dramatic and robust impacts on factors re­
lated to reciprocal lake–land subsidies, we also include fish in our 
conceptual model. 

Land-to-lake subsidies 
Terrestrial subsidies to California’s mountain lakes include 

both organic matter and inorganic nutrients. Most organic matter 
is derived from catchment soils and vegetation, while inorganic 
nutrients tend to be derived from atmospheric deposition and 
remineralized soil organic pools. Here we focus on hydrologic trans­
port of organic matter and aeolian insect inputs. However, other 
terrestrial inputs such as coarse particulate organic matter (e.g., pol­
len from conifer trees) represent substantial, largely unexplored sub­
sidies to California’s mountain lakes. 

Organic matter 
Terrestrial inputs of organic material to California’s mountain 

lakes show distinct seasonal patterns associated with snowmelt­
driven hydrology. Nutrient and dissolved organic carbon (DOC) 
concentrations are typically highest during snowmelt (S. Sadro, un­
published data), when soils are saturated, hydrologic connectivity 
is high, and rates of biological uptake in lakes and streams are low. 
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Fig. 1. Elevation is a principal regulator of cross-system subsidies through its control of both biotic and abiotic factors. To demonstrate how 
these factors vary with elevation, we update and augment previously published data (B–E) and present new analyses (A, F–G). (A) Epilimnetic 
lake temperature measured between July and August (R2 = 0.11, N = 389, F = 45.9, p < 0.0001); (B) total percent vegetation cover based on the 
National Land Cover Database (R2 = 0.48, N = 222, F = 199.1, p < 0.0001) (Sadro et al. 2012); (C) nitrate concentration (R2 = 0.12, N = 232, F = 29.7, 
p < 0.0001) (Sadro et al. 2012); (D) dissolved organic carbon (DOC) concentration (R2 = 0.10, N = 149, F = 17.1, p < 0.0001) (Sadro et al. 2012); 
(E) bacterial abundance (R2 = 0.09, N = 132, F = 13.3, p = 0.0004) (Sadro et al. 2012); (F) biphasic aquatic insect abundance, measured as the total 
number of individuals collected at each lake in a sample consisting of 15 D-net sweeps 1 m long (R2 = 0.15, N = 278, F = 47.1, p < 0.0001) (Knapp 
et al. 2005); and (G) diversity of biphasic aquatic insects, measured as the number of genera present (R2 = 0.29, N = 278, F = 114.1, p < 0.0001) 
(Knapp et al. 2005). 

The composition of dissolved organic matter (DOM) can be charac- over the course of the growing season, the proportion of DOM that 
terized using the fluorescence index (FI), which quantifies the rela- comes from terrestrial sources declines — terrestrial DOM fluxes 
tive proportion of terrestrially derived fulvic acids in the DOM pool decrease with declining stream flows, increasing water residence 
(McKnight et al. 2001). FI values are lowest during and immediately time provides greater potential for photooxidation of terrestrial 
after snowmelt, reflecting DOM largely of terrestrial origin; however, DOM within the water column, and seasonally warming lake waters 
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support increased rates of primary production that increase the 
amount of DOM derived from aquatic sources (Nelson 2009; Sadro 
et al. 2011a). However, event-driven fluxes of terrestrial organic mat­
ter associated with summer and autumn rain storms (Sadro and 
Melack 2012) and terrestrial insect swarms (Carlton and Goldman 
1984) can be quite high. Seasonal patterns in organic matter fluxes 
are important because they structure the availability of material in 
relation to seasonal patterns in lake temperature, water residence 
time, and overall metabolic activity within lakes. 

Strong elevation gradients in soil development and vegetation 
cover create natural variation in the magnitude of terrestrial ma­
terial available as inputs (Sadro et al. 2012). Lakes positioned above 
the tree line drain catchments that are dominated by ice and rock, 
while lower elevation lakes drain catchments that usually feature 
large areas of shrub or forest cover (Fig. 1B). The general pattern of 
increased terrestrial productivity at lower elevations is reflected 
in both the concentration and composition of DOM in lakes and 
streams (Fig. 1D). At Sierra Nevada wide spatial scales, vegetation 
cover accounts for nearly half of the variation found in DOC con­
centrations (Sadro et al. 2012). The effect is even more pronounced 
within individual catchments, where increasing vegetation cover 
can account for up to 90% of the variation in DOC along down­
stream flow paths. Changes in FI along these downstream gradi­
ents within individual catchments indicate a shift in DOM from 
autochthonous carbon derived from within-lake primary produc­
tion to terrestrial sources. Much of the unexplained variation in 
the concentration or composition of DOM along elevation gradi­
ents can be attributed to the presence of specific habitat types. In 
particular, wet meadow or peat soils, which occur across a broad 
elevation range, leach high concentrations of terrestrial DOM into 
lakes (S. Sadro, unpublished data). 

In addition to the landscape characteristics described above, the 
flux of organic matter into aquatic ecosystems in the Sierra will 
depend on hydrological factors that may also vary with elevation. 
There are few watershed studies in which fluxes are systematically 
measured along landscape gradients. We can, however, estimate flux 
amounts using lake DOC concentrations, which are correlated 
with inlet stream concentrations (S. Sadro, unpublished data). 
Assuming similarly sized lakes with comparable watersheds, 
DOC fluxes into high-elevation lakes are expected to be on the order 
of 0.2 g C·m−2·day−1. DOC fluxes into low-elevation lakes, estimated 
at 0.7 g C·m−2·day−1, are predicted to be at least three times higher. 
These estimates are likely to underrepresent fluxes at lower eleva­
tion sites, where precipitation is more likely to fall as rain, which 
tends to mobilize more DOM than melting snow. Although particu­
late organic matter is likely to be an important carbon source to 
lakes, at least seasonally, a lack of data from both high- and low-
elevation sites in the Sierra Nevada and patterns of mobilization 
that may be highly variable in time restrict our ability to estimate 
fluxes. 

Inorganic nutrients 
In a typical year, half or more of all inorganic nitrogen inputs to 

Sierra Nevada waters are flushed from catchment soils and talus 
during snowmelt, with the remainder originating directly from at­
mospheric deposition to the snowpack (Sickman et al. 2001); isotopic 
studies have shown that both snowpack- and soil-derived nitrates are 
found in streams during snowmelt (Sickman et al. 2003a). Rain can 
also be an important nitrogen input to mountain ecosystems (Sadro 
and Melack 2012). Nitrate concentrations are substantially higher 
in rainwater than in snow (Williams and Melack 1991), and in years 
with little overwinter snow accumulation, or with unusually large 
amounts of precipitation falling as rain, inorganic nitrogen inputs 
may not follow the typical pattern driven by spring snowmelt 
hydrodynamics. As runoff from snowmelt or rain infiltrates 
and flushes the catchment, variability in soil structure and vegeta­
tion type plays an important role in nitrogen release. Nutrient re­
lease from soils is controlled by the accumulation of litter in the 

organic horizon (Miller et al. 2005), the influence of snowpack on soil 
moisture and remineralization rates (Johnson et al. 2009), and the 
magnitude of plant root development in the O horizon (Johnson 
et al. 2009). In their review of nutrient cycling in forests of the eastern 
Sierra Nevada Mountains, Johnson et al. (2009) suggest that very high 
concentrations of inorganic nitrogen and phosphorus in runoff wa­
ters resulted from nutrients mineralized from the soil O horizon that 
were not taken up by plants and that remained above hydrophobic 
mineral soils. Catchment vegetation composition can also play a role 
in determining inorganic nitrogen inputs. For example, streams 
with flow paths that cross through patches of nitrogen-fixing alders 
(Alnus tenuifolia) carry significant amounts of inorganic nitrogen to 
Castle Lake, a subalpine lake in the Klamath Mountains (Goldman 
1961). Thus, nitrate concentrations in mountain lakes reflect sea­
sonal variability in precipitation source, snowmelt hydrodynamics, 
vegetation type and soil structure, and rates of biological uptake — 
concentrations are typically highest early in the season when 
catchment uptake is low, hydrologic connectivity is high, and inter­
nal rates of primary productivity are low (Sickman et al. 2003a; Sadro 
et al. 2011b). Although these factors vary somewhat with latitude 
across California, in general, catchment retention should increase 
and aquatic concentrations should decrease with declining eleva­
tion. Landscape patterns in nitrate concentrations reflect these pro­
cesses. Nitrate concentrations vary strongly with elevation (Fig. 1C), and 
lakes in high-elevation catchments that are predominantly rock 
have the highest concentrations of nitrates (Sadro et al. 2012), both 
because snowpack deposition is higher at higher elevations and be­
cause lower vegetation cover means that less nitrate is taken up by 
terrestrial sources. A pattern of decline in lake nitrate concentrations 
along landscape gradients of decreasing rock cover and increasing 
vegetation cover occurs consistently in catchments throughout 
the Sierra Nevada (Sadro et al. 2012), reflecting increased terrestrial 
uptake along an elevation gradient and the likelihood of reduced 
terrestrial fluxes with decreasing elevation. 

In contrast to landscape patterns for nitrogen, concentrations 
of inorganic phosphorus are uniformly low in Sierra Nevada lakes 
and show little variation with elevation (Sadro et al. 2012). Catch­
ment inputs are limited by terrestrial uptake and geochemical reac­
tions that bind inorganic phosphorous to aluminum and iron 
particles in soils (Homyak et al. 2014a). Rates of internal loading from 
lake sediments are also low (Homyak et al. 2014b). Despite these 
constraints on phosphorus fluxes, long-term data from the Sierra 
Nevada suggest that phosphorus loading has occurred over the 
last two decades (Sickman et al. 2003b), driven primarily by atmo­
spheric deposition (Vicars et al. 2010). The extent to which phos­
phorus deposition may vary with elevation remains unknown. 

The timing and magnitude of inorganic nutrient fluxes into 
lakes are important to cross-system fluxes in much the same way 
as organic matter dynamics. Nutrient concentrations are linked to 
the remineralization of DOM by aquatic microbes and the produc­
tion of new organic matter by autotrophs, both potentially impor­
tant pathways of organic matter flux to aquatic consumers. Given 
the strong elevation-driven gradients in inorganic nitrogen avail­
ability, it is likely that food webs of low-elevation lakes will rely on 
remineralized terrestrial organic matter to a greater extent than 
those of high-elevation lakes. 

Effects of organic matter and inorganic nutrient inputs on 
aquatic ecosystems 

There is strong evidence that terrestrial organic matter and 
nutrient inputs exert functional control on ecosystem energetics 
and community structure at the base of the food web in Sierra 
Nevada lakes. Although widespread studies of lake metabolism 
are lacking, inferences regarding spatial patterns might be drawn 
from seasonal variability. Phenological shifts in the importance 
of terrestrial inputs are evident in lake metabolism studies con­
ducted at Emerald Lake, a relatively high-elevation lake in the south­
ern Sierra Nevada. In a year with little nonwinter precipitation, 
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heterotrophy tended to occur early in the ice-free season, when rates 
of primary production were low and the DOM pool was dominated 
by allochthonous material; in contrast, the lake was autotrophic 
during the majority of the growing season, during which rates 
of respiration tended to closely track rates of primary produc­
tion (Sadro et al. 2011b, 2011c). These changes in carbon source are 
reflected in phenological shifts in bacterioplankton community 
composition — bacterioplankton communities in Emerald Lake 
closely tracked seasonal changes in DOM source, suggesting that 
temporal shifts in microbial community structure and lake metabo­
lism are driven in part by bacterioplankton adaptation to changes in 
DOM composition (Nelson 2009). Event-driven fluxes of terrestrial 
organic matter can disrupt these seasonal patterns — terrestrial or­
ganic matter mobilized by summer and autumn rain storms can be 
high enough to decouple bacterioplankton metabolism from au­
totrophic production, ultimately causing a temporary shift in ecosys­
tem metabolism toward heterotrophy (Sadro and Melack 2012). 
Assuming that the majority of metabolic activity occurs during the 
ice-free season, mean annual metabolic carbon fluxes in this high-
elevation lake were 0.7 g C·m−2·day−1 for gross primary production 
and 0.6 g C·m−2·day−1 for respiration. As a result, net ecosystem pro­
duction was a slightly positive 0.09 g C·m−2·day−1 and carbon cycling 
within the lake was in near equilibrium. 

The interplay between internal rates of primary production and 
terrestrial loading of organic matter is also evident at the land­
scape scale. Bacterioplankton abundance in Sierra Nevada lakes 
increases along downstream flow paths (Fig. 1E) in conjunction with 
increasing terrestrial vegetation in catchments, increasing DOC 
concentration, and DOM composition that reflects increasingly al­
lochthonous sources (Sadro et al. 2012); these changes are strongly 
correlated with differences in bacterial community composition be­
tween headwater and downstream lakes (Nelson et al. 2009). Primary 
productivity in lakes also appears to increase with decreasing eleva­
tion. Chlorophyll a concentrations, a proxy for productivity, are vari­
able but tend to be lower in high-elevation lakes (S. Sadro and J. 
Sickman, unpublished data), likely because phytoplankton growth is 
limited by low water temperatures and the brevity of the growing 
season. While terrestrial nutrient inputs are likely to be highest at 
high-elevation lakes, climatic conditions limit the capacity of pri­
mary producers to respond to these inputs. In contrast, at lower 
elevations, productivity is more likely to be limited by nutrient avail­
ability. Although metabolic rates have not been measured exten­
sively in low-elevation lakes, preliminary data suggest metabolic 
fluxes associated with gross primary production of 1.0 g C·m−2·day−1 

and ecosystem respiration of 1.3 g C·m−2·day−1, substantially higher 
rates than found at high-elevation sites. More importantly, the bal­
ance between production and respiration shifts in low elevations, 
and net ecosystem production is negative (−0.3 g C·m−2·day−1 in our 
preliminary data). These flux estimates are supported by landscape 
patterns in dissolved carbon dioxide concentration that increase 
with decreasing elevation, and the observation that whereas high-
elevation lakes are undersaturated in CO2 during the growing sea­
son, low-elevation lakes remain supersaturated (S. Sadro and J. 
Sickman, unpublished data), suggesting that terrestrial subsidies are 
supporting net ecosystem heterotrophy at low elevations. 

Changes in bacterial abundance and community composition in 
Sierra Nevada lakes along landscape gradients in vegetation suggest 
that terrestrial inputs of DOM subsidize microbial production to a 
greater extent at low elevations than at high elevations, contributing 
to larger carbon dioxide fluxes from low-elevation lakes. However, 
much remains to be learned regarding the magnitude and variation 
in such fluxes and the extent to which terrestrial carbon is incorpo­
rated into higher trophic levels. If carbon is respired without being 
incorporated into microbial production, or if microbial production 
simply cycles within the microbial loop without a pathway to higher 
trophic levels, terrestrial subsidies of DOM may not make their way 
to higher trophic levels. 

In contrast, other forms of terrestrial subsidies may contribute 
directly to higher order consumers. For example, terrestrial insects 
can represent a significant portion (29%–38%) of total gut volume in 
trout in subalpine Castle Lake Vander Zanden et al. 2006). However, 
terrestrial insect contribution to fish consumers varies by season and 
the specific type of consumer present in the lake. In Marlette Lake, a 
small subalpine lake located in the Tahoe Basin, terrestrial insects 
contribute to rainbow trout (Oncorhynchus mykiss) diets with lit­
tle contribution to the native game fish, Lahontan cutthroat trout 
(Oncorhynchus clarkii; S. Chandra, unpublished data). Despite interan­
nual variability in primary and secondary lake productivity, terres­
trial insect contributions seem to be consistent in terms of mass 
consumed by fish across years, particularly in late summer and fall, 
when autochthonous sources are less available (S. Chandra, unpub­
lished data). Thus, terrestrial insects may have a stabilizing role in 
fish energetics and contribute to the maintenance of fish abun­
dances that are higher than what could be supported solely based on 
autochthonous production. Terrestrial insect in-fall to lakes is likely 
to be highest at lower elevations, as terrestrial insect biomass de­
creases with elevation in the Klamath Mountains (K.L. Pope and S.P. 
Lawler, unpublished data). 

Lake-to-land subsidies 
Amphibians and aquatic insects represent the most important 

conduits for the flow of resources from California’s mountain lakes 
to surrounding terrestrial habitats. These organisms have aquatic 
larvae that metamorphose into terrestrial or semi-terrestrial life 
stages. Thus, the subsidy takes the form of live animal biomass that 
emerges from the aquatic habitat. 

Amphibians 
The amphibian community in California’s mountain lakes is 

represented by four common taxa: ranid frogs (Rana cascadae, Rana 
muscosa, and Rana sierrae), Pacific chorus frogs (Pseudacris regilla), 
toads (Anaxyrus boreas and Anaxyrus canorus), and salamanders 
(Ambystoma macrodactylum and Taricha granulosa). Ranid frogs and Pa­
cific chorus frogs are the most apparent and abundant amphibians 
in the majority of California’s mountain lakes. The occurrence and 
abundance of ranid frogs increases with elevation (Knapp 2005; 
K.L. Pope, unpublished data), whereas the occurrence of Pacific 
chorus frogs decreases with elevation (Matthews et al. 2001; Knapp 
2005). Salamanders are mostly restricted to lakes in the northern 
Sierra Nevada and Klamath mountains, and the two salamander 
species tend to occupy different elevation ranges — long-toed sala­
manders (A. macrodactylum) are more likely to be found at higher 
elevations and rough-skinned newts (T. granulosa) are more common 
at lower elevations (K.L. Pope, unpublished data). Thus, although 
high-elevation lakes are often dominated by ranid frogs, low-
elevation lakes tend to feature a more diverse, but not necessarily 
more abundant, community of amphibians. 

Trout introduction has led to dramatic declines in the abundance 
of many common amphibian species, especially ranid frogs. Surveys 
in the Sierra Nevada have shown that lakes with trout are less likely 
to be occupied by ranid frogs (Knapp and Matthews 2000; Knapp 
et al. 2003; Knapp 2005) and Pacific chorus frogs (Matthews et al. 
2001; Knapp 2005). Similar patterns were observed in the Klamath 
Mountains, where Cascades frogs (R. cascadae), Pacific chorus frogs, 
and long-toed salamanders were found to be negatively associated 
with fish (Welsh et al. 2006). The findings of these surveys have been 
reinforced by fish removal experiments, which have shown that the 
removal of trout leads to the recovery of ranid frog populations in 
both the Sierra Nevada (Vredenburg 2004; Knapp et al. 2007) and the 
Klamath (Pope 2008) mountains. A tadpole caging experiment with 
Sierra Nevada yellow-legged frogs (R. sierrae) confirmed that preda­
tion of larvae is an important mechanism for the negative effect of 
trout on frogs (Vredenburg 2004). Notably, the presence of physical 
refugia from predation (shallow littoral zones and emergent vegeta­
tion) is associated with Cascades frog persistence in lakes occupied 
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by introduced trout (Hartman et al. 2014). Not all amphibian species 
are susceptible to predation by trout. There was no relationship be­
tween trout and toad occurrence in the Sierra Nevada (Knapp 2005). 
In the Klamath Mountains, there was no relationship between trout 
and rough-skinned newt occurrence and even a positive association 
between trout and boreal toad (A. boreas) occurrence. The positive 
or nonsignificant effects of trout on newts and toads are likely due 
to the fact that these species secrete potent toxins, which render 
them unpalatable to trout (Kiesecker et al. 1996; Gunzburger and 
Travis 2005; Grasso et al. 2010) and other consumers. Overall, trout 
introduction seems to have a more pronounced effect on amphibian 
abundance than landscape gradients such as elevation, and the ef­
fects of trout on amphibian emergence is likely to be most pro­
nounced at higher elevations, where palatable frogs are the 
dominant taxa. 

In recent decades, an introduced fungal pathogen has emerged 
as another major factor regulating amphibian abundances. 
Batrachochytrium dendrobatidis (Bd), which causes the disease chytrid­
iomycosis, has led to widespread amphibian declines in the moun­
tains of California. The most notable effects have been on ranid frogs. 
In the Sierra Nevada, the arrival of Bd has led to the extirpation of 
mountain yellow-legged frog populations (R. sierra and R. muscosa) 
throughout the region (Rachowicz et al. 2006; Vredenburg et al. 
2010), resulting in the loss of more than 70% of remaining popula­
tions during the past 15 years (R.A. Knapp, unpublished data). While 
we lack data linking the arrival of Bd to the extirpation of particular 
populations of Cascades frog (R. cascadae), Bd is now present through­
out the Californian range of the Cascades frog (Piovia-Scott et al. 2011; 
Pope et al. 2014). A negative effect of Bd on Cascades frog is indicated 
by the concordance between the timing of the first appearance of 
Bd in museum specimens collected from the region and the first-
recorded instances of widespread decline in the southern Cascades 
(M. de Leon, V. Vredenburg, and J. Piovia-Scott, unpublished) and 
specific outbreaks of Bd that have been associated with dramatic 
population declines (Piovia-Scott et al. 2015). Bd-related mortality 
usually occurs shortly after metamorphosis in both mountain yellow-
legged frogs (Rachowicz et al. 2006) and Cascades frogs (Hardy et al. 
2015). While there is some evidence that Bd infections are more 
prevalent at higher elevations in the Klamath Mountains 
(Piovia-Scott et al. 2011), this pattern was not observed in the Sierra 
Nevada (Knapp et al. 2011). In summary, Bd has led to pronounced 
declines in amphibian abundance throughout the mountains of Cal­
ifornia, particularly for the ranid frogs that dominate high-elevation 
lakes. These declines reduce amphibian emergence from mountain 
lakes, interrupting lake-to-land subsidies. Even where amphibian 
populations persist, Bd may reduce the window of availability of 
juvenile amphibian prey to terrestrial consumers by increasing mor­
tality in recently metamorphosed animals. 

Aquatic insects 
The abundance and diversity of aquatic insects varies consider­

ably with elevation in California’s mountain lakes, with impor­
tant implications for cross-system resource flows. Here, we focus 
on insects with aquatic larvae and aerial–terrestrial adult stages, 
as the emergence of these aerial–terrestrial life stages represents 
an important flow of resources from lakes to surrounding catch­
ments. The diversity of these biphasic aquatic insects (measured as 
the number of genera present) and the abundance of the most com­
mon orders of these insects (Diptera, Ephemeroptera, Odonata, and 
Trichoptera) are both reduced in high-elevation lakes (Figs. 1F, 1G), 
and odonates drop out of the community altogether above �3000 m 
in the Sierra Nevada (R.A. Knapp, unpublished data). However, par­
ticular taxa that are rare at lower elevation lakes are among the 
dominant taxa at high-elevation lakes (e.g., Ameletus mayflies and 
Desmona caddisflies). While small-bodied Diptera, especially Chirono­
midae, tend to be the most numerically abundant aquatic insects 
in California’s mountain lakes, the total biomass of emerging 
aquatic insects is often more closely related to the abundance of 

larger bodied insects, as they have a higher biomass per individual 
than chironomids (Finlay and Vredenburg 2007; Pope et al. 2009). 
Total emerging biomass is higher in littoral zones than in profundal 
zones (S. Chandra, unpublished data) and peaks in early to mid­
summer (K.L. Pope, J. Piovia-Scott, and S.P. Lawler, unpublished data; 
Epanchin et al. 2010). However, because most of the larger bodied 
taxa (Ephemeroptera, Trichoptera, Odonata, and Megaloptera) take 
at least 1 year to complete a generation, their emergence usually 
occurs in discrete, species-specific pulses (Finlay and Vredenburg 
2007; Epanchin et al. 2010) that can occur outside of the early to 
mid-summer peak emergence period. For example, in subalpine Cas­
tle Lake, Odonata tend to emerge between late spring and midsum­
mer, while Ephemeroptera tend to emerge between midsummer 
and early fall (S. Chandra, unpublished data). Thus, low-elevation 
lakes are likely to produce a greater biomass of emerging aquatic 
insects than high-elevation lakes, and this production is likely to be 
more consistent over the course of the ice-free season. Insect emer­
gence from high-elevation lakes is more likely to consist of a small 
number of discrete emergence events, during which large portions 
of the annual insect emergence are transferred to the terrestrial 
environment during a relatively short period of time. 

Introduced trout have pronounced effects on the aquatic stages 
of biphasic insects, and these effects translate into altered patterns of 
aquatic insect emergence. The larvae of most large-bodied aquatic 
insect taxa, including Odonata, Ephemeroptera, and Trichoptera, 
are negatively affected by trout in both the Sierra Nevada (Knapp 
et al. 2001b, 2005) and the Klamath (Pope et al. 2009; Pope and 
Hannelly 2013) mountains. This translates into reductions in the bio­
mass of aquatic insects emerging from trout-containing lakes (Finlay 
and Vredenburg 2007; Pope et al. 2009; Epanchin et al. 2010). Impor­
tantly, the effect of trout on insect abundance varies with elevation 
for some taxa. The large-bodied aquatic insects that inhabit higher 
elevation lakes seem to be particularly heavily impacted by trout 
predation (Knapp et al. 2001b; R.A. Knapp, unpublished data), per­
haps due to the lack of structural refugia (Knapp et al. 2005) or  
the absence of effective behaviors or camouflage that reduce preda­
tion risk (Knapp et al. 2001b). In contrast to larger bodied taxa, the 
effects of introduced trout on smaller bodied Diptera are mixed. In 
the Sierra Nevada, the total abundance of dipteran larvae tends to 
be reduced in lakes with trout, an effect that is strongest at lower 
elevations (R.A. Knapp, unpublished data), and chironomids tended 
to emerge in greater numbers from lakes in the Klamath Mountains 
where fish were removed (Pope et al. 2009). However, a study of 
high-elevation lakes in the southern Sierra Nevada found that mos­
quitos (Culex spp.) are more likely to be present in lakes with trout 
(Knapp et al. 2001b). In summary, trout lead to dramatic reductions in 
the biomass of emerging aquatic insects, primarily by consuming 
the larvae of large-bodied species, an effect that is more pronounced 
in high-elevation lakes. 

Amphibian and aquatic insect emergence: flux estimates 
and spatial patterns 

Our estimates confirm that fluxes from lakes to land are generally 
smaller than those moving from land to lakes. For insect emergence, 
we estimated a flux of 0.037 g C·m−2·day−1 from 16 mid-elevation 
lakes in the Klamath Mountains, with the bulk of the biomass trans­
fer occurring between mid-July and mid-August; this estimate is 
based on 3 years of emergence data collected biweekly from 16 mid-
elevation lakes in the Klamath Mountains (K.L. Pope, J. Piovia-Scott, 
and S.P. Lawler, unpublished data). At high-elevation lakes, we expect 
the total annual flux to be lower and a greater proportion of biomass 
to emerge during short-duration, species-specific pulses. Amphibian 
emergence has not been quantified as rigorously as insect emer­
gence at California’s mountain lakes, but we have estimated an an­
nual emergence flux on the order of 0.0003 g C·m−2·day−1 for 
Cascades frogs from a lake in the Klamath Mountains with a large 
population of this species (K.L. Pope, J. Piovia-Scott, and S.P. Lawler, 
unpublished data); almost all of this emergence took place within a 
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2- to 3-week window in late summer. These estimates suggest that 
emerging aquatic insects are likely to represent a greater proportion 
of the total movement of resources from lakes to catchments than 
amphibians for most lakes and that emergence is more likely to 
occur during discrete species-specific pulses at high-elevation lakes. 

After emergence, amphibians and aquatic insects are expected 
to be unevenly distributed in surrounding terrestrial landscapes, 
with the highest abundances likely to occur near the water (Sabo 
and Hagen 2012; Bartrons et al. 2013; Muehlbauer et al. 2014; Dreyer 
et al. 2015). Our data from a set of 16 lakes in the Klamath Mountains 
confirmed this pattern — aquatic insect biomass was inversely pro­
portional to distance from the lake shore, with a power law best 
describing the distribution (K.L. Pope, J. Piovia-Scott, and S.P. Lawler, 
unpublished data). In other words, the biomass of aquatic insects 
10 m from the lake shore was approximately twice as high as it was 
20 m from the lake shore, and 10 times higher than what would 
be expected 100 m from shore. Importantly, the biomass of aquatic 
insects increased with elevation for sampling points close to lakes, 
suggesting that nearshore habitats at high-elevation lakes may be 
hotspots for aquatic insect subsidies. While we lack quantitative data 
on spatial patterns of habitat use by recently metamorphosed am­
phibians, there are clear life-history differences between taxa 
that are likely to play an important role in determining the spatial 
extent of lake-to-land subsidies. For example, the ranid frogs that 
dominate high-elevation sites are highly aquatic throughout their 
lives, and postmetamorphic animals tend to remain near lakes and 
other permanent water sources. In contrast, postmetamorphic cho­
rus frogs, toads, and salamanders spend much more time in tempo­
rary wetlands and other more terrestrial habitats and so are likely to 
be more widely distributed in mountain lake catchments. Interest­
ingly, those species that make extensive use of terrestrial habitats as 
adults may transport terrestrial resources back to the aquatic habitat 
when they return to breed (Regester et al. 2006). In summary, the 
distribution of aquatic insects and amphibians in the terrestrial en­
vironment surrounding California’s mountain lakes decreases with 
increasing distance from shore as expected, and although the total 
amount of biomass transferred may decrease with increasing eleva­
tion, spatial patterns of accumulation near the shore are expected to 
create hotspots for aquatic subsidies even at high-elevation sites. 

Effects on terrestrial ecosystems 
Amphibians and aquatic insects are an important component of 

the diet of many terrestrial consumers inhabiting the landscapes 
surrounding mountain lakes. The distribution and abundance of 
these consumers are often related to the availability of aquatic prey, 
a pattern most clearly demonstrated for aerial predators such as 
birds. In the Sierra Nevada, gray-crowned Rosy Finches (Leucosticte 
tephrocotis dawsoni) are more abundant at lakes without fish, where 
mayfly (Ephemeroptera) emergence is higher (Epanchin et al. 2010). 
In the Klamath Mountains, corvids, primarily Clarks Nutcrackers 
(Nucifraga columbiana) and Stellers jays (Cyanocitta stelleri), were more 
abundant at lakes from which fish had been removed than at lakes 
where fish persisted, and jays have been observed consuming larval 
Cascades frogs from lakes without fish (K.L. Pope and S.P. Lawler, 
unpublished data). Other bird species such as Brewers Black­
birds (Euphagus cyanocephalus) are also known to feed heavily on 
frogs in the mountains of California (Bradford 1991). Bats are another 
common aerial consumer of aquatic resources in California’s moun­
tain lake basins, and carbon stable isotope analysis of bats from the 
Castle Lake catchment suggests that the relative contribution of prey 
from the aquatic littoral habitat is substantial and varies by season: 
100% in late spring, 20% in summer, and 64% in fall (S. Chandra, 
unpublished data). The reliance on aquatic resources is not limited to 
winged predators. Garter snake (Thamnophis spp.) distributions 
closely match those of amphibians, a favored prey item, in both the 
Sierra Nevada (Matthews et al. 2002; Knapp et al. 2005) and the Klam­
ath (Pope et al. 2008) mountains. In addition, postmetamorphic frogs 
consume emerging aquatic insects, and the frequency of these 

aquatic prey items in frog diets is reduced at lakes with introduced 
trout, where the emergence of large-bodied aquatic insects is re­
duced (Finlay and Vredenburg 2007; Joseph et al. 2011). Although it is 
likely that terrestrial invertebrates such as spiders and ants also con­
sume aquatic resources, few studies have focused on these taxa. 
Thus, while there is strong evidence that emerging amphibians and 
aquatic insects are consumed by a diverse group of terrestrial and 
aerial consumers and that the presence of fish can negatively impact 
these consumers by limiting emergence, much remains to be 
learned with regard to what effect such resource flows have on con­
sumer populations. 

We have little information about how the effects of aquatic 
resources on terrestrial consumers varies with elevation. While the 
total flux of resources from the aquatic environment is likely to be 
reduced at high-elevation lakes, the importance of aquatic resources 
to terrestrial consumers may actually increase. This is expected to 
occur because terrestrial insect abundance is also reduced at high 
elevations, and the ratio of aquatic insects to terrestrial insects can 
actually increase with elevation in nearshore habitats (K.L. Pope and 
S.P. Lawler, unpublished data). Given that fish also have more pro­
nounced impacts on emergence at high-elevation lakes, we expect 
the impact of introduced trout on terrestrial ecosystems to increase 
with elevation. 

A conceptual model of reciprocal linkages in 
California’s mountain lake basins 

Here, we present a conceptual model that describes the effects 
of elevation and introduced trout on reciprocal subsidies between 
California’s mountain lakes and their surrounding terrestrial hab­
itats (Fig. 2). High-elevation lakes sit in catchments dominated by 
rock, where thin soils and comparatively sparse vegetation limit 
terrestrial inputs of organic material while increasing inputs of inor­
ganic nitrogen. This leads to an aquatic food web that is largely 
supported by autotrophic microorganisms and lakes that generally 
display net autotrophy. For terrestrial and aerial consumers in these 
high-elevation catchments, emerging insects and amphibians repre­
sent a critical prey resource, in part due to the relative paucity of prey 
resources derived from the low-productivity terrestrial habitat. How­
ever, the dominant amphibian and aquatic insect taxa at high-
elevation lakes are highly susceptible to predation by introduced 
trout during their aquatic larval phases, allowing trout to effectively 
sever the flow of resources out of the lake. Furthermore, the domi­
nant amphibian taxa at high-elevation lakes have been devastated by 
an introduced pathogen, causing further reductions in the flow of 
resources out of lakes. Thus, high-elevation terrestrial ecosystems 
exert few controls on within-lake processes (beyond the passive 
transport of atmospherically derived nutrients), but within-lake pro­
cesses exert important controls on terrestrial consumers, as lakes 
represent a critical source of prey that can be co-opted by introduced 
predators and pathogens. 

In contrast to high-elevation basins, the increased soil develop­
ment, vegetation, and overall rates of terrestrial productivity found 
in lower elevation catchments fuel greater terrestrial inputs of or­
ganic matter to lakes and limit the availability of inorganic nitrogen. 
These inputs increase the relative abundance of heterotrophic mi­
croorganisms and tilt the lakes towards net heterotrophy. Both au­
totrophic and heterotrophic production may fuel larval amphibians 
and insects, leading to the possibility that low-quality terrestrial 
organic material is recycled to the terrestrial environment in the 
form of high-quality prey resources. While the flow of aquatic prey 
resources out of the lake may be less important to terrestrial con­
sumers than at higher elevations due to the high abundance of ter­
restrially derived resources, asynchrony between the availability of 
aquatic and terrestrial prey may mean that aquatic prey are a key 
resource when terrestrial prey are less abundant (primarily at the 
beginning and end of the snow-free season). The effects of intro­
duced trout on the flow of resources out of the lake are likely to be 
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Fig. 2. Conceptual model of reciprocal resource subsidies between California’s mountain lakes and the surrounding terrestrial habitat. Arrow 
width is proportional to the relative magnitude of carbon flows; shaded arrows represent organic carbon, open arrows represent inorganic 
carbon. Carbon flow estimates are described in the text. Low-elevation lakes are expected to have terrestrial carbon inputs that are at least 
three times greater than those at high-elevation lakes (particulate organic matter fluxes, not included in this estimate, are likely to magnify 
elevational differences). Differences in the magnitude of terrestrial inputs and within-lake productivity result in high-elevation lakes being 
sinks for atmospheric carbon dioxide during the ice-free season, while low-elevation lakes emit approximately three times more carbon 
dioxide than high-elevation lakes fix. Lake-to-land fluxes are estimated to be approximately an order of magnitude lower than land-to-lake 
fluxes, with relative differences larger at low elevations because of increased terrestrial inputs. Introduced trout may reduce lake-to-land 
fluxes to virtually zero in high-elevation lakes; this effect is expected to be less severe at low-elevation lakes. 

modulated by a combination of decreased susceptibility of amphib­
ian and aquatic insect prey, trophic complexity (e.g., trout remove 
larger bodied predatory insects, which can have beneficial effects on 
smaller bodied insects), refuge availability, and increased inputs of 
insects from the terrestrial environment. Thus, at lower elevations, 
we expect terrestrial ecosystems to exert important controls on 
within-lake processes and lakes to represent important hot spots for 
the remineralization of terrestrial organic materials. However, the 
role of lakes in supporting terrestrial consumers may be reduced at 
lower elevations compared with higher elevations. 

While many of the patterns and processes synthesized in our 
conceptual model are well supported by data, a number of key ques­
tions remain unanswered. (1) How do introduced trout affect the way 
that aquatic food webs respond to terrestrial subsidies? (2) How does 
elevation affect the way that terrestrial food webs respond to aquatic 
subsidies? (3) How do composition (e.g., insect in-fall vs. detritus, 
emerging amphibians vs. aquatic insects) and timing (e.g., early sea­
son vs. late season) of reciprocal subsidies influence the response in 
the recipient aquatic or terrestrial ecosystems? Recent advances in 
the use of deuterium and radiocarbon isotopic tracers, compound-
specific isotopic analysis of consumers, and lipid biomarkers are 
facilitating more detailed studies of the flow of allochthonous and 
autochthonous material in aquatic and terrestrial food webs. The 
application of these techniques has the potential to shed light onto 
some of these unanswered questions. 

In summary, we used data from the mountains of California to 
develop a conceptual model exploring regional variation in recip­
rocal linkages between lakes and surrounding terrestrial habitats. 
Our model suggests that the relative importance of subsidies within 
the landscape shifts along an elevational gradient, with terrestrial 
subsidies playing a key role in structuring aquatic food webs at lower 
elevations and aquatic subsidies playing a key role in structuring 
terrestrial food webs at higher elevations. Introduced aquatic preda­
tors and pathogens can disrupt these patterns by limiting the flow of 
resources out of the aquatic environment, especially at high eleva­
tions. This model confirms key results of past studies. For example, 
we found support for the established ideas that the flux of resources 
from terrestrial habitats to aquatic habitats is generally greater than 
the reciprocal flux from water to land (Bartels et al. 2012), that pred­
ators on both sides of the aquatic–terrestrial interface often focus 
on high-quality allochthonous prey resources (Marcarelli et al. 2011; 
Bartels et al. 2012), and that subsidies are inextricably linked to 
both food-web and ecosystem processes (Marcarelli et al. 2011). Our 
model also underscores the notion that lakes play multiple roles in 
landscapes — in addition to hosting their own complex webs of 
interactions and energy flows, lakes act both as recyclers of terres­
trial organic material and as sources of prey resources for terrestrial 
consumers (Hanson et al. 2003; Vander Zanden and Gratton 2011; 
Greig et al. 2012). 
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In addition to confirming previous findings, our model provides 
a framework for the empirical exploration of new frontiers in the 
study of linked ecosystems. By combining a pronounced elevation 
gradient with a mosaic of predator introductions, we are poised to 
deepen our understanding of how interactions between top-down 
and bottom-up forces regulate cross-system exchanges. In addition, 
the pronounced temporal variation in lake–land subsidy flows al­
lows for an evaluation of how the timing and “pulsedness” (sensu 
Yang et al. 2008) of reciprocal subsidies generate dynamic feedbacks 
between aquatic and terrestrial systems (Leroux and Loreau 2011; 
Richardson and Sato 2015). We hope that this synthesis spurs addi­
tional insight into the processes that drive food-web and ecosystem 
dynamics in complex landscapes. 
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