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fertilization. Perennial biotic structures increased in tundra 
and streams but not in lakes, and provided important new 
habitat niches for consumers as well as other producers. 
Oxygen and temperature responses also differed. Life his-
tory traits (e.g., longevity) of the primary producers along 
with the fate of detritus drove the responses and recovery. 
As global change persists and nutrients become more avail-
able in the Arctic and elsewhere, incorporating these fac-
tors as response variables will enable better prediction of 
ecosystem changes and feedbacks in this biome and others.

Keywords Fertilization · Habitat · Light · Oxygen · 
Temperature

Introduction

A relatively common experiment conducted in both terres-
trial and aquatic ecosystems involves manipulating nutri-
ents to better understand the nature of nutrient limitation 
(e.g., Elser et al. 2007) or to determine how a food web 
is regulated from the bottom-up (e.g., Gruner et al. 2008). 
These also aid predictions of effects of increased nutrients 
entering ecosystems (e.g., Falkowski et al. 2000), particu-
larly nitrogen (N) deposition in terrestrial systems and 
runoff of N and phosphorus (P) into aquatic systems. This 
research thus has direct implications for understanding 
changes that may be occurring now or in the near future, 
including how climate changes may interact with altered 
N cycling (e.g., Porter et al. 2013). Several meta-analyses 
have summarized results of such manipulations across ter-
restrial and aquatic ecosystems (e.g., Elser et al. 2007) to 
determine how productivity and autotrophs themselves may 
be limited or colimited by N and P (Harpole et al. 2011; 
Bracken et al. 2015), how diversity and evenness of the 

Abstract Primary producers form the base of food webs 
but also affect other ecosystem characteristics, such as 
habitat structure, light availability, and microclimate. Here, 
we examine changes caused by 5–30+ years of nutrient 
addition and resulting increases in net primary productiv-
ity (NPP) in tundra, streams, and lakes in northern Alaska. 
The Arctic provides an important opportunity to examine 
how ecosystems characterized by low diversity and low 
productivity respond to release from nutrient limitation. We 
review how responses of algae and plants affect light avail-
ability, perennial biotic structures available for consum-
ers, oxygen levels, and temperature. Sometimes, responses 
were similar across all three ecosystems; e.g., increased 
NPP significantly reduced light to the substrate following 
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producers are affected (Hillebrand et al. 2007), and how 
changes in bottom-up resource availability interact with 
top-down herbivore pressure (Gruner et al. 2008; Borer 
et al. 2014).

Most such studies focus on the changes in the quantity 
(and sometimes quality) of net primary productivity (NPP) 
and biomass (e.g., De Schrijver et al. 2011; Phoenix et al. 
2012). However, producers also affect physicochemical 
variables, e.g., light, temperature, and oxygen (Fig. 1). 
Changes in primary production can affect energy flow to 
consumers and detritivores while also altering habitat struc-
ture, light, dissolved oxygen, and temperature. Changes in 
these physicochemical variables can then feedback to affect 
biota (Fig. 1). A well-known example is eutrophication in 
freshwater ecosystems: after algae bloom in response to 
excess nutrients, they eventually die, sink to the bottom and 
are decomposed, thus lowering oxygen levels in the water 
and negatively affecting producers and consumers. This is 
a case in which altered production results in physicochemi-
cal feedbacks that can cause a state change (Scheffer and 
Carpenter 2003).

Determining the net effect of these physiochemical 
changes can be challenging because of the many direct 
and indirect effects involved (Fig. 1). For example, ferti-
lized marine rocky intertidal systems can promote a newly 
dominant form of algae that alters wave and light energy 
to the benthos and provides a different attachment substrate 
for other organisms (Kraufvelin et al. 2010). Such changes 
in coastal systems can have major impacts on the benthic 
invertebrate and attached microalgae by altering shelter, 
attachment substrates, and the chemical environment, par-
ticularly dissolved oxygen (Cebrian et al. 2013). Parsing 

out the magnitude and direction of these many potential 
responses requires careful consideration of the important 
physicochemical factors in that system that can be influ-
enced by the primary producers.

In terrestrial plant communities, a well-studied phys-
icochemical response to fertilization is a reduction of light 
at the ground surface caused by increased shading from 
greater plant biomass and litter (Fig. 1). Species richness 
often decreases when this occurs because of greater light 
competition for understory plants (Hautier et al. 2009). 
Similar decreases in light penetration to the benthos in 
fertilized lakes result from higher pelagic algae biomass 
(Scheffer and Carpenter 2003).

If the morphology of the primary producers changes in 
response to fertilization, either because of growth by spe-
cies already present or a change in community composi-
tion, the biotic structure of the ecosystem may be altered 
and provide different physical habitat niches for other 
producers and consumers (Fig. 1). For example, increased 
NPP and litter deposition can affect habitat structure for 
plant canopy dwelling as well as ground dwelling consum-
ers in a terrestrial ecosystem (note double-headed arrows in 
Fig. 1 to habitat structure). Similarly, as mentioned above, 
in some coastal systems that have been fertilized, sig-
nificant biotic structure changes occurred with substantial 
effects on associated fauna (Kraufvelin et al. 2010; Antón 
et al. 2011).

Additional physicochemical effects of greater producer 
biomass can be changes in dissolved oxygen in aquatic sys-
tems (or oxygen availability in saturated soils) and temper-
ature in any ecosystem (Fig. 1). Eutrophication can result 
in very low dissolved oxygen, as described above. Trees 
and shrubs may shade the soil surface and stream or lake 
margins, reducing temperatures. In contrast, in the center 
of a lake, increased abundance of pelagic algae (particles) 
may absorb more light and raise water temperatures (e.g., 
Kling 1988). Our objective in this study was to evaluate the 
effects of long-term fertilization on these physicochemical 
effects in Arctic terrestrial and freshwater ecosystems to 
examine effects of added nutrients that go beyond altering 
NPP.

Focus on the Arctic

The Arctic is undergoing rapid ecological changes result-
ing from climate warming (Post et al. 2009; Post and 
Høye 2013). Because of the low solar energy inputs and 
nutrient limitation, diversity and productivity in terrestrial 
and aquatic ecosystems are low (Crawford 2013; Hob-
bie and Kling 2014). However, warming may affect indi-
vidual organisms directly by alleviating temperature stress 
and indirectly by improving related growing conditions. 
For example, deeper thaw resulting from warming allows 
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Fig. 1  Conceptual diagram indicating potential relationships and 
feedbacks in response to nutrient addition. Solid lines indicate effects 
of primary producers, dotted lines indicate effects of litter or detritus, 
and dashed lines indicate how physicochemical variables may influ-
ence consumers. Double-headed arrows indicate possible effects in 
both directions, because primary producers may alter physicochemi-
cal variables that feedback to affect themselves



655Oecologia (2016) 182:653–665 

1 3

increased rates of decomposition and greater nutrient avail-
ability (Hobbie et al. 1999; Hinzman et al. 2005). Thus, the 
Arctic biome provides an important opportunity to investi-
gate how release from nutrient limitation affects physico-
chemical variables, primary producers, and consumers.

While recognizing the value of broad-scale meta-analy-
ses across diverse aquatic and terrestrial ecosystems, here, 
we present results that focus on responses to long-term 
resource manipulations in tundra, stream, and lake habi-
tats as part of the Arctic Long-Term Ecological Research 
(LTER) project (Hobbie and Kling 2014). Data reviewed 
here come from more than three decades of experimental 
treatments in both terrestrial and aquatic systems performed 
at the same time in one location, making our synthesis 
unique among similar ecological studies. Much of the prior 
analyses of these experiments focused on the responses of 
NPP and biomass and emphasized changes in carbon (C) 
and N cycling within each individual ecosystem. Here, we 
illuminate the context of those effects with two objectives: 
(1) to review changes in the physicochemical environment 
caused by nutrient enrichment and associated changes in 
primary producers within tundra, stream, and lake ecosys-
tems, and (2) to compare among these Arctic ecosystems to 
determine general drivers of response to the press effects 
of multi-year nutrient enrichment. For each ecosystem, 
we describe responses at representative study sites of four 
physicochemical variables that can affect biota and biogeo-
chemistry: light, perennial biotic structures for consumers, 
oxygen, and temperature. Perennial structures produced by 
plants change the physical environment in multiple ways, 
and thus are included here as a physicochemical variable. 
Determining the net effect of adding nutrients and associ-
ated changes in NPP on the physicochemical environment 
is difficult because of the possibility of multiple, counter-
acting effects (Fig. 1). By focusing within one biome and 
removing some of the environmental noise that enters into 
large-scale meta-analyses, we explore these interactions to 
illustrate how they should be considered to determine long-
term responses to changes in nutrient availability and to 
better understand potential feedbacks.

Tundra ecosystems

“Tundra” here indicates terrestrial and wetland plant com-
munities, including riparian and littoral areas bordering 
streams and lakes in the Arctic. Arctic tundra plant com-
munities have low NPP (50–350 g m−2 year−1) relative to 
temperate systems, with the greatest NPP in riparian shrub 
habitats (Shaver et al. 2014). Almost all of the plant spe-
cies are perennial and reproduce predominantly by clonal 
growth. Depending on topographic location and soil mois-
ture, the vegetation may be a mixture of dwarf evergreen 

and deciduous shrubs, graminoids, few forbs, mosses, and 
lichens.

Nutrient addition studies have shown that tundra eco-
systems may differ in their relative responses to N or P 
alone, but are often colimited by both (e.g., Shaver and 
Chapin 1995; Johnson et al. 2000; Gough et al. 2002) like 
other ecosystems (Harpole et al. 2011). In general, adding 
nutrients causes initial short-term (several year) increases 
in growth of all species present, followed by competitive 
exclusion over the longer term and lower species rich-
ness after 10 or more years (Shaver et al. 2014). Although 
NPP increases significantly, community biomass may not 
change relative to control plots because of compensatory 
responses among growth forms (e.g., Chapin et al. 1995). 
Generally, mosses, lichens, and evergreen shrubs fare 
poorly in fertilized conditions in the long term; however, 
concurrent increases in graminoids and deciduous shrubs 
offset the loss of biomass from these species.

Moist acidic tussock tundra (MAT)

MAT at the Arctic LTER has been subjected to annual addi-
tion of both N and P in multiple experiments beginning in 
1981 and is the most well-studied and common upland tun-
dra plant community in northern Alaska. Each year 10 g N 
m−2 and 5 g P m−2 have been added to these plots, approxi-
mately 5–8 times the amount of N taken up by the MAT 
vegetation annually (Chapin et al. 1995). In MAT under 
ambient conditions, the plant community is a mixture of 
tussock-forming sedges, dwarf deciduous shrubs, dwarf 
evergreen shrubs, perennial forbs, Sphagnum mosses, and 
lichens. Added nutrients increase NPP (Table 1) and, after 
5 years of fertilization, the community shifts toward domi-
nance by Betula nana (dwarf birch, a deciduous shrub) and 
a shade-tolerant understory species, Rubus chamaemorus 
(cloudberry, a perennial forb) (photos in Online Resource 
1; Online Resource 2; Hobbie et al. 2005). Other species, 
including mosses and lichens, are excluded from these 
plots over time resulting in decreased species richness 
(Shaver et al. 2001).

Because of the increase in shrub stature, light levels are 
significantly depleted at the soil surface when MAT is fer-
tilized (Online Resource 1, 2, 3). In an adjacent experiment 
in MAT, shade houses reduced biomass of all plant growth 
forms after 9 years of treatment (Chapin et al. 1995), 
and several of these species fared poorly in similar shad-
ing experiments in Scandinavian tundra (Campioli et al. 
2012). The ground surface may receive less light not only 
because of increased living plant biomass but also because 
of greater litter deposition (Mack et al. 2004).

The shift toward Betula with fertilization also signifi-
cantly changes the perennial biotic structure available for 
consumers for food and shelter, as the amount of woody 
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stem biomass and canopy complexity aboveground dra-
matically increase (Online Resource 3; Hobbie et al. 2005; 
Campioli et al. 2012). Abundance of tundra consumers, 
including arthropods, migratory songbirds, and small mam-
mals, is correlated with shrub abundance in complex ways 
(e.g., Gough et al. 2012a; Rich et al. 2013). For example, 
particular species of voles and migratory songbirds prefer-
entially occupy shrub habitat for nesting and overwintering, 
while others prefer open tundra (Batzli and Lesieutre 1995; 
Boelman et al. 2014). In addition to the increase in wood 
biomass, woody and herbaceous litter deposition tend to 
increase in fertilized MAT, and moss and lichen cover sig-
nificantly decrease (Gough et al. 2012a), altering the envi-
ronment for surface-dwelling organisms.

Another potential effect of chronic fertilization on tun-
dra communities could be lowering of soil oxygen avail-
ability driven by increased soil moisture. However, after 
11 years of fertilization, soil moisture was characteristi-
cally high in late July (>400 % water content in the top 
5 cm of the organic horizon, L. Gough unpubl.) and was 
not significantly different between control and fertilized 
plots, although there was a trend toward lower moisture in 
the fertilized plots.

Finally, changes in the soil physical environment, par-
ticularly temperature, occur because of the increased shad-
ing and litter deposition described above. In the winter, 
Arctic shrubs trap more snow than herbaceous vegetation 
and thus alter snow depth, albedo, and soil temperature 
(Myers-Smith et al. 2011). As a result, soils in fertilized 
plots in MAT are slightly warmer in winter (Sep–May 
average years 10–14, +0.7 ± 0.4 °C; Shaver 2002) than in 
control plots. In contrast in the summer, fertilized soils are 
cooler (Online Resource 3; also see Shaver et al. 2014) and 

have shallower maximum depth of thaw (6 ± 1 cm less in 
fertilized plots, average years 16–22; Shaver 2006). This 
shallower active layer may restrict soil microbial and root 
activity relative to control plots.

Other tundra communities

Long-term fertilization experiments have also been con-
ducted in dry heath (DH), wet sedge (WS), and shrub tun-
dra as part of the Arctic LTER and provide an important 
comparison with the better studied MAT, although some 
relevant variables have not yet been collected in these 
communities. Responses differed in terms of shifts in the 
relative abundance of primary producers. In DH, normally 
dominated by dwarf evergreen shrubs and lichens, added 
nutrients for 7–10 years caused a shift towards a grass-
dominated community, with an increase in NPP (Table 1), 
but a decrease in community biomass because of the loss 
of lichens and evergreen shrubs (Gough et al. 2002, 2012a). 
In contrast, WS remained dominated by clonal sedges, with 
leaf mass and litter greater in fertilized plots after 5 years 
(Johnson et al. 2000), though these differences lessened 
after 12 years (Boelman et al. 2003). This greater biomass 
increased shading of the soil surface in both dry and wet 
tundra (Online Resource 3). In shrub tundra, adding nutri-
ents also resulted in greater NPP (Table 1) and greater 
shrub height and complexity (DeMarco et al. 2014).

Changes in perennial biotic structures available for con-
sumers in DH and WS are in the opposite direction as MAT, 
with a shift towards greater graminoid biomass (Johnson 
et al. 2000; Boelman et al. 2003; Gough et al. 2007). In 
shrub tundra, however, changes in perennial biotic struc-
tures were similar to MAT in that the species that responded 

Table 1  Responses of primary producers to long-term fertilization (mean ±1 SE if available)

* Benthic productivity was not consistently measured in these lakes

** Lake values are from the Arctic LTER database but converted to pelagic mg m−2 day−1 for the growing season by Mary Anne Evans cal-
culated from annual data collected in: control N1 (1989, 1995, 1996, 1998, 1999, 2000), fertilized N1 (1990–1994), control and fertilized N2 
(1985–1990)

Ecosystem Productivity units community/site Control Fertilized Source

Tundra g m−2 year−1 MAT Mixed sedges, shrubs, 
mosses

145 ± 29 Deciduous shrub, forb 462 ± 88 Gough et al. (2012a)

g m−2 year−1 Dry heath Evergreen shrubs, 
lichens

39 ± 9 Grass, deciduous 
shrub

88 ± 17 Gough et al. (2012a)

g m−2 year−1 Wet sedge Rhizomatous sedges 99 ± 16 Rhizomatous sedges 146 ± 30 Shaver (2004)

g m−2 year−1 Shrub Deciduous shrubs 342 ± 75 Deciduous Shrubs 491 ± 18 DeMarco et al. (2014)

Stream moss  % cover Kuparuk Phytoplankton, algae 5 Filamentous moss 35 Arscott et al. (1998)

g C h−1 Kuparuk  Phytoplankton, algae 2.3 Filamentous moss 6.3 Arscott et al. (1998)

Lake* mg m−2 day−1 N1 Phytoplankton 110 ± 11 Phytoplankton 304 ± 48 Arctic LTER data-
base**

mg m−2 day−1 N2 Phytoplankton 77 ± 6.5 Phytoplankton 262 ± 23 Arctic LTER data-
base**
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positively were all deciduous shrubs (DeMarco et al. 2014). 
Litter mass also increased in all three communities, poten-
tially altering the physical environment for surface and soil 
dwelling consumers. In DH, the dramatic loss of lichens 
with fertilizer (Gough et al. 2008) likely affects surface and 
soil-dwelling fauna, while the significant increase in moss 
biomass in WS also changes the surface environment.

Soil moisture was unaffected by nutrient addition in 
shrub (DeMarco et al. 2014) and DH tundra (L. Gough 
unpubl.). Wet sedge tundra soils remain saturated during 
most years, though after 9 years of fertilization, the top 
10 cm of soil was slightly drier in fertilized plots (con-
trol vs. fertilized: 662 ± 27 vs. 582 ± 70 %; G.R. Shaver 
unpubl.).

Finally, summer soil temperatures were cooler in ferti-
lized plots in DH and WS, just as at MAT (Online Resource 
3), while there was no difference in shrub tundra (DeMarco 
et al. 2014). We cannot determine changes in thaw depth in 
DH and shrub tundra, because rocks prevent this measure-
ment; the soil thaws deeply given the lack of insulation at 
the surface and the high mineral content. The cooler soils 
in fertilized WS resulted in substantially shallower depth of 
thaw relative to controls (−9 ± 2 cm, average years 16–21, 
Arctic LTER database), similar to results at MAT.

Tundra summary

In summary, nutrient addition in tundra increased NPP, thus 
providing greater food resources for consumers and driving 
sometimes dramatic changes in the biotic structure of these 
habitats. Light at the soil surface decreased, negatively 
affecting prostrate vascular plants as well as cryptogams. 
The perennial, overwintering plant structures changed, with 
an increase in woody material in MAT and Shrub tundra, 
and an increase in graminoid biomass in DH and WS. How-
ever, soil moisture (and therefore potential anoxia) was not 
affected by fertilization. Finally, soil temperature and thaw 
depth were affected in three communities, changing the soil 
environment and likely affecting root and soil microbial 
activity. None of these experiments have ended, and thus, 
recovery has not been measured, unlike in the aquatic eco-
systems described below.

Stream ecosystems

Streams in Arctic Alaska differ from those at other lati-
tudes in several major ways. In particular, most headwa-
ter streams freeze during the winter which greatly restricts 
productivity (Bowden et al. 2014). Stream organisms, like 
all Arctic flora and fauna, experience 24-h light during 
the summer which affects metabolism and behavior. Most 
streams are underlain by permafrost which affects their 

hydrology as well. These streams are generally P limited, 
and soluble reactive P concentrations are typically near 
detection limits (~ 0.03 µM), though total dissolved P con-
centrations are measurable (Peterson et al. 1985; Slavik 
et al. 2004; Bowden et al. 2014).

The Kuparuk River

The Kuparuk River, a fourth-order tundra stream located at 
the Arctic LTER site, has been the subject of a long-term P 
fertilization experiment since 1983 with a target concentra-
tion for soluble reactive P of 0.3 µM. Gross primary pro-
ductivity of the reference riffles averages ~ 80 mg O2 m

−2 
h−1 (Bowden et al. 2014). After approximately 8 years of 
fertilization, stream productivity increased by a factor of 
three, primarily because two species of bryophyte new to 
this reach (Hygrohypnum alpestre and Hygrohypnm ochra-
ceum) invaded and increased cover of the substrate in rif-
fles from 5 % to more than 35 % (Table 1, photos in Online 
Resource 1, Online Resource 3). The filaments of these 
moss species can exceed 15 cm in length and persist for 
multiple years. Mosses tend to stabilize stream bed sub-
strates and can lead to a higher capacity for nutrient reten-
tion and primary production in streams (Stream Bryophyte 
Group 1999).

Not surprisingly, light availability decreased under the 
moss (methods in Online Resource 2; Online Resource 
3). Although a precise mechanism cannot be assigned, the 
overall decrease in epilithic chlorophyll in the fertilized 
reach likely resulted from a combination of this lower light 
availability, increased abrasion by moss fronds, and compe-
tition for nutrients (Slavik et al. 2004).

The increase in moss cover also changed the biotic struc-
ture of the community, affecting food and shelter availabil-
ity for algae and insects in particular (Online Resource 3). 
The moss filaments increased the surface area available 
for periphyton to colonize and trapped larger amounts of 
sestonic fine particulate organic matter (FPOM) com-
pared with rocks (Stream Bryophyte Group 1999; Slavik 
et al. 2004). These changes benefit shredding and grazing 
invertebrates, some chironomid taxa and the large mayfly, 
Ephemerella, in particular (Lee and Hershey 2000). Con-
versely, densities of the diatom tube-building chironomid, 
Orthocladius, and the mayfly, Baetis, declined once moss 
took over the fertilized reach (Online Resource 3), because 
of less available rock substrate for colonization for Ortho-
cladius and a decrease in periphyton food source for Bae-
tis. There were no significant differences in fish growth 
rates between the fertilized reach and the reference reach 
(Slavik et al. 2004).

Given the short hydrological residence time of water and 
the turbulent nature of the Kuparuk River, mosses might 
not be expected to have much influence on either dissolved 
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oxygen (DO) or temperature. However, recent monitor-
ing data show that the greater moss biomass has resulted 
in higher rates of gross primary production (GPP) and 
respiration, and consequently, DO fluctuates more in the 
moss-dominated fertilized reach with slightly greater daily 
maximum (after 30 years of treatment, 11.06 ± 0.05 vs. 
10.78 ± 0.06 mg L−1) and slightly lower daily minimum 
values (9.60 ± 0.07 vs. 9.76 ± 0.06 mg L−1; Arctic LTER 
Database) compared with the reference reach. Because of 
these counteracting trends, mean daily DO was not differ-
ent between the two reaches (10.40 ± 0.06 in fertilized vs. 
10.31 ± 0.06 mg L−1 in reference; Arctic LTER database). 
In addition, water temperatures are slightly higher in the 
fertilized reach compared with the reference reach (Online 
Resource 3), although these are likely not of biological 
significance. These differences in DO and temperature are 
exaggerated during periods of low flow.

Hershey Creek and Oksrukuyik Creek

Two shorter term whole-stream fertilization experiments 
were conducted at the Arctic LTER site, but a similar 
response by aquatic bryophytes did not occur. N and P 
were added to Hershey Creek, a second-order beaded 
tundra stream, for 1 year, resulting in an increase in algal 
cover, chlorophyll a, macroinvertebrate biomass, and gray-
ling growth (Benstead et al. 2005). For 6 years, P (1991 and 
1992) and N plus P (1993–1996) were added to Oksrukuyik 
Creek, a third-order, lake-fed tundra stream. These enrich-
ments increased production at all trophic levels but did not 
change bryophyte biomass (Harvey et al. 1998). This lack 
of response could be related to the different duration of the 
experiments or to the absence of viable, upstream sources 
of the bryophyte species in these two creeks. The long 
(7–9 year) delay before colonizing bryophytes began to 
dominate the cover and biomass of the experimentally fer-
tilized reach of the Kuparuk River suggests that it took con-
siderable time for propagules from these species to disperse 
from upstream (or external) source areas and establish in 
the experimentally fertilized reach.

Recovery from fertilization

Moss colonization strongly affected the trajectory of recov-
ery from nutrient enrichment as well. Recovery from fertili-
zation was measured in the Kuparuk River (following 2 and 
13 years of treatment) and Oksrukuyik Creek, where the 
locations of the nutrient additions were moved downstream 
or discontinued, respectively. Epilithic algal biomass 
returned to reference levels in both streams within a year 
after fertilization ceased. In contrast, the persistent moss 
cover in the Kuparuk River continued to affect the physi-
cal habitat for more than 8 years after fertilization ceased, 

resulting in a lag in the recovery response of the macroin-
vertebrate community (Benstead et al. 2007; Bowden et al. 
2014).

Stream summary

In summary, long-term, seasonal fertilization of the Kupa-
ruk River with relatively low levels of P promoted the 
introduction and growth of two aquatic bryophyte species 
not previously observed in this reach; this response was 
not observed in the shorter term stream fertilization stud-
ies. In the Kuparuk, these two moss species dramatically 
altered primary production, the distribution of primary 
producer biomass, and habitat structure. This change in 
habitat severely limited light availability to the stream bot-
tom, affected the abundance of periphyton and some ben-
thic macroinvertebrate species, altered stream metabolism 
(daily maximum and minimum DO), and increased stream 
temperature in the experimental reach.

Lake ecosystems

Lakes in the Alaskan Arctic are covered by ice up to 1.8 m 
thick for all but three to four months each summer. Lakes 
in the Toolik area have very low nutrient concentrations 
and annual rates of pelagic primary production (20–200 mg 
C m−2 d−1), similar to temperate oligotrophic and ultra-oli-
gotrophic lakes (Luecke et al. 2014). These low rates are 
caused by the short growing season, low rates of external 
nutrient (N and P) loading into the lakes from streams, and 
low internal nutrient loading rates from sediments (Whalen 
and Cornwell 1985). In addition, light penetration is low 
because of high dissolved organic carbon (DOC) concen-
trations (Luecke et al. 2014). In the Toolik area lakes, the 
amount of benthic production, especially in shallow lakes, 
can also be significant (Whalen et al. 2008; Gettel et al. 
2013; Daniels et al. 2015), ranging from 25–250 mg C m−2 
day−1 (Luecke et al. 2014).

To better understand the impact of increased N and P 
loading on nutrient cycling and food webs in Arctic lakes, 
the Arctic LTER has carried out a series of lake fertiliza-
tion experiments since the 1980s. Lake N2 was divided in 
half by a nylon curtain and fertilized on one side with N 
and P from 1985 to 1990 (details in Online Resource 2; 
O’Brien et al. 2005). In a second experiment, a larger and 
deeper lake, Lake N1, was fertilized with N and P from 
1990 to 1994 (Bettez et al. 2002). These lakes responded 
strongly to the addition of N and P by substantially increas-
ing pelagic primary production and chlorophyll a (Table 1; 
Bettez et al. 2002; O’Brien et al. 2005; Lienesch et al. 
2005). Fertilization also significantly changed both the 
pelagic (microplankton, macroplankton, and fish) and 
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benthic (macroinvertebrates, snails, and fish) food webs 
in both lakes when phytoplankton biomass and some zoo-
plankton species increased; snails also increased after a 
two-year lag (Rublee and Bettez 1995, 2001; O’Brien et al. 
2005). The effect of fertilization on a pelagic fish (lake 
trout) was mixed (discussed below).

The increased pelagic algal biomass significantly 
decreased light penetration through the water column 
(measured as Secchi depth) (photo in Online Resource 1, 
Online Resource 3). In Lake N2, Secchi depth was signifi-
cantly shallower on the fertilized side than on the control 
side (Online Resource 3). Similarly, in Lake N1, the Secchi 
depth was less deep throughout the treatment phase of the 
experiment. This decrease in light availability under ferti-
lized conditions was also evident in light extinction curves 
in Lake N2 (Online Resource 3).

Unicellular algae continued to dominate the pelagic 
zone during fertilization, and thus, perennial biotic struc-
tures did not change in the water column in such a way as 
to strongly affect habitat for other species. Benthic pro-
ducers were not explicitly monitored in these two lakes, 
although observations suggest that perennial algal mats 
may have been thicker in the fertilized portion of lake N2 
(Kling 1994). Unlike in tundra and streams, these algal 
mats did not dramatically alter the three-dimensional habi-
tat structure and thus potential shelter habitat for other taxa. 
Increased pelagic algal production was cumulative because 
of nutrient retention in the sediments and because dormant 
algal cells in the sediments may allow the algal population 
to begin the following growing season with greater num-
bers. These changes certainly affected the amount of food 
available to consumers, but did not affect shelter or habitat 
directly.

The most dramatic effect in the lakes occurred when 
DO in the hypolimnion, the layer of water in a thermally 
stratified lake that lies below the thermocline, decreased. 
In Lake N2, DO in the hypolimnion steadily decreased 
and averaged less than 1 mg L−1 during July and August 
(Online Resource 3) by the sixth year of the experiment. 
In Lake N1, by the 4th year of fertilization, DO levels were 
even lower (~ 0.2 mg L−1) during July and August. These 
low oxygen concentrations have a large influence on higher 
trophic levels, especially fish. In Lake N1, growth rate of 
lake trout doubled during fertilization (likely due to the 
increases in snails and macrozooplankton; Lienesch et al. 
2005), but overall numbers of trout did not increase, proba-
bly because of the effects of low DO on the survival of lake 
trout eggs (Luecke et al. 2014). This chemical change in 
the water affected lake organisms directly as well as indi-
rectly as sediment chemistry continued to be affected over 
time (Giblin 2014).

In contrast with the dramatic changes in light and 
oxygen, water column temperature was not affected 

by fertilization and associated greater primary produc-
tion (Online Resource 3). The change in light penetration 
resulting from increased algal biomass was not enough to 
cause a change in temperature; relatively weak solar inputs 
and cool night temperatures likely limited a temperature 
response. Mixing depth was also not affected in either lake 
(Giblin and Kling 1985, 1991).

Recovery from fertilization

In some ways, the lakes rapidly recovered from fertiliza-
tion. For example, Secchi depth returned to pre-fertilization 
levels in both lakes relatively quickly (Online Resource 3). 
Because there were no changes in biotic perennial struc-
ture, as soon as the algae once again became limited by 
nutrient availability, they returned to pre-fertilization abun-
dance levels. However, DO in the bottom waters remained 
lower than pre-fertilization levels even 10 years after fer-
tilization ended, and feedbacks from changes in sediment 
chemistry also continued (Giblin 2014).

Lake summary

In summary, nutrient addition in these Arctic lakes dra-
matically increased pelagic algal production resulting in 
significantly decreased light transmission and DO. Unlike 
in tundra and streams, no changes in perennial biotic struc-
ture occurred. Although most of the changes in community 
structure and food web composition were short term and 
occurred only during fertilization, others such as decreased 
hypolimnetic DO were still evident 10 years later.

Comparison across tundra, streams, and lakes

Overall, long-term nutrient addition in tundra, lakes, and 
streams caused substantial changes in food quantity, food 
quality, and subsequent detritus production, but also signifi-
cantly altered the physicochemical environment. Although 
there was variability in the responses we observed, certain 
trends emerged (Table 2; Fig. 2).

In all three ecosystems as primary producers increased 
in size, number, or both, they shaded the substrate substan-
tially more than under ambient nutrient conditions (Table 2; 
Fig. 2). This reduction in light negatively affected prostrate 
terrestrial plants and likely benthic producers as well, drove 
long-term community change, and affected ecosystem 
functions via changes to the soil and substrate. In addition, 
in tundra, litter can shade and physically smother plants on 
the soil substrate, particularly mosses and lichens.

Producers with perennial structures differed in response 
to nutrients across these three systems (Table 2; Fig. 2). 
In stream and tundra ecosystems, perennial plants created 
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persistent changes in the vegetation structure with known 
(streams) and presumed (tundra) effects on biota that 
depend on these primary producers for food and habitat. 
In lakes, the cumulatively greater abundance of unicellular 
pelagic algae in fertilized conditions created a system that 
essentially restarted every spring, with more “seeds” and 
greater nutrients each year, whereas in tundra and streams, 
the perennial structures were already in place from the pre-
vious year, and new growth could continue on existing (as 
well as newly established) individual plants.

Effects on oxygen availability also differed among the 
three systems (Fig. 2). Tundra soil moisture was not sig-
nificantly affected by fertilization and therefore was 
likely not driving changes in soil oxygen. The streams 
studied here generally have enough flow to keep DO lev-
els high throughout the summer, although oxygen levels 
were affected by moss (Bowden et al. 2014). In contrast in 
lakes, DO in bottom water was dramatically depleted by 
the greater algal productivity and associated respiration by 
decomposers (Table 2).

Finally, as a result of fertilization, summer tempera-
ture decreased in most tundra soils, slightly increased 
in streams, and was unaffected in lakes (Table 2; Fig. 2). 
Greater litter deposition and shading under fertilized con-
ditions caused cooler soils and shallower depth of thaw 
in three of the tundra communities. In the Kuparuk River, 
increased nutrients and moss resulted in slightly higher 
water temperatures, but biological effects on the stream 
inhabitants are likely slight. Finally, despite the dramatic 
change in water clarity, fertilization did not affect lake 
temperatures.

Factors driving similarities and differences 
across ecosystem

Ecologists often compare ecological processes across 
aquatic and terrestrial ecosystems to improve understand-
ing of both environments while better developing general 
theory (e.g., Menge et al. 2009). For example, the study of 

Table 2  Comparison of physicochemical responses across ecosystems in response to long-term fertilization

see text and Online Resources for details

* For tundra and streams, light levels represent percent of ambient light (PAR) intercepted by primary producers at substrate surface first in con-
trol/reference conditions and second under fertilized conditions. In lakes, light interception represents the change in Secchi depth with fertiliza-
tion

ND no data available, — indicates no difference between control and fertilized treatments, NS indicates no significant difference

Ecosystem Community/site Detritus  
changes

Light  
interception*

Perennial  
structures/habitat

Dissolved 
oxygen

Temperature Sources

Tundra MAT Increased shrub, 
forb leaf litter

32 → 9 % Shrub height/
complexity 
increased, 
mosses 
decreased

Cooler summer, 
warmer winter

Shaver (2002); 
Gough et al. 
(2012a)

Dry heath Increased grass 
and wood litter

40 → 24 % Tussock grasses 
increased, 
lichens 
decreased

Cooler summer, 
NS winter

Gough et al. 
(2012a); Arctic 
LTER database

Wet sedge – 90 → 46 % Moss cover 
increased

Cooler summer 
and winter

Shaver (2004); 
Arctic LTER 
database

Shrub ND ND Shrub height/
complexity 
increased

NS summer, 
cooler winter

DeMarco et al. 
(2014)

Stream Kuparuk More FPOM 
trapped in moss

100 → 5 % Moss cover 
increased

Bigger daily 
fluctuations

Slight increase Arscott et al. 
(1998); 
Bowden et al. 
(2014); Arctic 
LTER database

Lake N1 Increased 
deposition to 
sediments

5 → 3 m – 8.5 → <2 mg 
L−1

– Giblin and Kling 
(1985, 1991)

N2 Increased 
deposition to 
sediments

5 → 2 m – 6.5 → 1–3 mg 
L−1

– Giblin and Kling 
(1985, 1991)
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trophic relationships and food web strength across aquatic 
and terrestrial systems has received steady attention (e.g., 
Strong 1992; Shurin et al. 2006; Cebrian et al. 2009), with 
some generalities emerging. These comparisons are chal-
lenging, partly because simply defining a “plant” consist-
ently across ecosystems is difficult (Newman and Rotjan 

2013). However, such assessments provide value by high-
lighting important areas for future research as well as by 
synthesizing the current state of knowledge.

Our findings summarized above highlight common-
alities and differences in response to nutrient enrichment 
among tundra, lake, and stream ecosystems of the Arctic. 
They reveal several important ecological factors that affect 
the ways in which communities respond to greater nutrient 
availability and suggest how these systems may respond to 
greater nutrient inputs caused by global change.

Across all three ecosystems, primary producer commu-
nity response and associated changes in physiochemical 
variables are controlled to a major extent by the life his-
tory and longevity of the resident primary producer spe-
cies (Smith et al. 2015, also see next paragraph), even after 
decades of experimental treatment. All the tundra plants 
described here are perennial, reproduce vegetatively, and 
may store tissues over winter belowground or aboveground. 
Thus, gradual, cumulative changes in nutrient availability 
that favor woody shrubs, for example, changed producer 
structure available for other trophic levels for food and 
shelter. This is similar to the fertilized reach of the Kuparuk 
River where Hygrohypnum spp. created a perennial primary 
producer population and changed the associated food web, 
because the moss altered physical processes, food avail-
ability, and habitat. However, in lakes where pelagic pri-
mary producers were not perennial, the algae responsible 
for increased productivity did not create comparable struc-
tures for consumers.

At the community level, species composition, the 
regional species pool, and dispersal limitations were each 
crucial elements that drove short- and long-term responses 
to changes in resource availability in all three ecosystems. 
Results of fertilization experiments in terrestrial systems 
including tundra highlight how the ability of a resident 
species to respond quickly may determine both short- and 
long-term patterns in NPP and species diversity (e.g., Clark 
and Tilman 2010; Gough et al. 2012b; Isbell et al. 2013). 
In several long-term tundra fertilization experiments near 
Toolik Lake a “new” species has become resident: fireweed 
(Epilobium angustifolium, a boreal species with widely dis-
persed, wind-blown seeds) has invaded fertilized plots in 
DH (Moulton and Gough 2011), WS and non-acidic tun-
dra (L. Gough pers. obs.). The long-term responses have 
otherwise been dominated by resident species. This is 
true in lakes as well, where to our knowledge “new” phy-
toplankton species have not invaded the fertilized lakes. 
And in the Kuparuk River, the ability of one resident but 
rare moss species, Hygrohypnum, to disperse throughout a 
stream reach has dominated the response of the entire sys-
tem to increased nutrients. With greater nutrient availabil-
ity, the exclusion of particular taxa is also to be expected, 
particularly because Arctic species in general have evolved 
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Fig. 2  Effects of changes in primary producers in response to long-
term nutrient addition on the physicochemical characteristics of a 
Moist acidic tussock tundra, b Kuparuk River, and c Lake N2. Plus 
and minus symbols represent direction of response. If arrows from 
Fig. 1 are not included, those effects were not manifest in that eco-
system



662 Oecologia (2016) 182:653–665

1 3

to tolerate very low nutrient conditions. In the long-term, 
additional community reshuffling might occur as greater 
nutrient availability allows invasion by boreal species 
(Crawford 2013) causing additional feedbacks to ecosys-
tem function.

Finally, the fate of the increased primary production 
also affects biophysical feedbacks to the ecosystem (Moore 
et al. 2004). Some of the producer biomass is consumed 
by higher trophic levels, leading to changes in food web 
interactions, as described earlier. But much of the algal 
and plant biomass will not be consumed by herbivores and 
will instead become litter and detritus. In terrestrial tundra, 
this increase in litter changes the physical environment of 
the soil, affecting temperature and thaw depth and likely 
microbial activity. In streams, some of this detritus may 
be exported. But a greater impact may be a change in the 
quality of detrital matter from the relatively good quality 
of algal biofilms to the relatively poor quality of bryophyte 
litter, which is less useful as a substrate for microbial rem-
ineralization or as food to higher trophic levels (Stream 
Bryophyte Group 1999). In lakes, detrital organic mat-
ter accumulates in the sediments, where it may ultimately 
control long-term productivity (although our experiments 
have not been long enough to demonstrate this). Where the 
detritus ends up because of physical constraints (degree of 
“openness” of the system) will affect not only the detriti-
vore community but also nutrient cycling. Furthermore, a 
recent meta-analysis showed that changes in detritus can 
also feed back to affect the grazing food web, demonstrat-
ing another potential pathway for interactions (Hagen et al. 
2012).

Conclusion

Release from nutrient limitation for 5–30+ years had 
diverse effects on biotic and physicochemical attributes of 
Arctic aquatic and terrestrial ecosystems (Fig. 2). Life his-
tory characteristics and dispersal abilities of the primary 
producers and consumers, as well as the fate of litter and 
detritus, drove these changes. In particular, shifts in the life 
history characteristics of the newly dominant species rela-
tive to traits of the usually abundant species caused most 
of the observed changes in fertilized tundra and streams, 
whereas the fate of dead primary producers caused sub-
stantial changes in lakes, because the detrital biomass was 
not exported. The degree of openness of these three ecosys-
tems thus plays an important role in their response to added 
nutrients.

These landscape connections among aquatic and ter-
restrial ecosystems are likely being intensified by changes 
associated with climate warming, including greater nutrient 
availability in the tundra that can be exported into streams 

and lakes. Connecting processes across the landscape to 
understand how aquatic and terrestrial ecosystems are 
affected simultaneously (Bartels et al. 2012) is crucial to 
understanding how the region will respond. Examining and 
going beyond NPP to incorporate measures of the phys-
icochemical changes caused by greater nutrient availabil-
ity that may feedback to the biota and perpetuate over time 
should better enable us to predict and potentially mitigate 
such changes in the Arctic as well as ecosystems in more 
temperate climates.
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