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common pattern observed in herbaceous-dominated ecosys-
tems. Continuous directional responses also were frequently 
observed in longer-term experiments (>11 years) and were, 
in some cases, accompanied by large shifts in community 
composition. In contrast, stepped responses were common 
in forests and other ecosystems (salt marshes and dry val-
leys) and with nutrient manipulations. Our results suggest 
that the response of ANPP to chronic resource manipula-
tions can be quite variable; however, responses persist once 
they occur, as few transient responses were observed. Shifts 
in plant community composition over time could be impor-
tant determinants of patterns of terrestrial ecosystem sen-
sitivity, but comparative, long-term studies are required to 
understand how and why ecosystems differ in their sensitiv-
ity to chronic resource alterations.

Keywords  Aboveground productivity · Hierarchical 
response framework (HRF) · Long-Term Ecological 
Research (LTER) Network · Nutrient addition · 
Precipitation manipulation

Abstract  Many global change drivers chronically alter 
resource availability in terrestrial ecosystems. Such resource 
alterations are known to affect aboveground net pri-
mary production (ANPP) in the short term; however, it is 
unknown if patterns of response change through time. We 
examined the magnitude, direction, and pattern of ANPP 
responses to a wide range of global change drivers by com-
piling 73 datasets from long-term (>5  years) experiments 
that varied by ecosystem type, length of manipulation, 
and the type of manipulation. Chronic resource alterations 
resulted in a significant change in ANPP irrespective of eco-
system type, the length of the experiment, and the resource 
manipulated. However, the pattern of ecosystem response 
over time varied with ecosystem type and manipulation 
length. Continuous directional responses were the most 
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Introduction

The scale, scope, and pace of change occurring in eco-
logical systems today and forecast for the future are by all 
accounts unprecedented in human history (Vitousek et  al. 
1997; Lubchenco 1998; Sala et al. 2000; Smith et al. 2009). 
Indeed, we may have already exceeded key thresholds of 
climate change, biodiversity loss, and increased nitrogen 
(N) availability with regard to future ecosystem function-
ing for some systems (Rockström et al. 2009). Collectively, 
the global scale of these changes means that all ecosystems 
are, and will continue to be, impacted to some extent by 
global change drivers, leading to alterations of multiple 
ecosystem services (Foley et al. 2005; Schröter et al. 2005; 
IPCC 2013).

In general, global environmental changes can chroni-
cally alter resource levels either directly (e.g., increased 
atmospheric N deposition, elevated atmospheric CO2 con-
centrations, increased precipitation variability) or indirectly 
(e.g., via warming, changes in biodiversity; Smith et  al. 
2009). The hierarchical response framework (HRF) was 
developed with the realization that species interactions, 
community dynamics, and ecosystem processes are now 
being driven by these chronic resource alterations, irre-
spective of natural or anthropogenic disturbance regimes 
(Smith et al. 2009). In this framework, mechanisms under-
lying an ecosystem response (e.g., either positive or nega-
tive changes in productivity, net ecosystem exchange, or 
nutrient cycling) are proposed to be hierarchical, ranging 
from the initial and relatively rapid responses of individuals 
(physiological plasticity) with potential shifts in the genetic 
composition of populations, to eventual alterations in spe-
cies abundances (community re-ordering), and finally spe-
cies turnover (immigration and loss) as resources continue 
to change over time (Smith et al. 2009). An assumption of 
the HRF is that large changes in ecosystem processes will 
be driven by altered species interactions that ultimately 
lead to changes in community composition (e.g., Jentsch 
et al. 2011; Jin and Goulden 2013).

A prediction of the HRF is that ecosystem responses to 
chronic resource alterations will be lagged and nonlinear 
over time (Fig.  1) because of the variable rates at which 

processes (physiological, species re-ordering, and spe-
cies turnover) driving ecosystem response operate and the 
inherent nonlinearity in population dynamics. For exam-
ple, physiological responses to changes in resources are 
typically immediate, leading to rapid ecosystem responses 
(e.g., Mendelssohn and Morris 2000; Wang et  al. 2012; 
Sistla et al. 2013), whereas species re-ordering takes longer 
to occur as altered competitive interactions become mani-
fest and resources accumulate enough to exceed the physi-
ological limits for some species (e.g., Hautier et al. 2009; 
Isbell et  al. 2013). The expectation is that ecosystem 
responses driven by species re-ordering or turnover should 
be larger than those driven by physiological responses, and 
thus, given that the former is expected to take longer than 
the latter, the resultant response trajectory over time should 
be lagged and nonlinear (Fig. 1). Alternatively, ecosystem 
responses over time may be gradual or linear if the magni-
tude or rate of change is similar for physiological, commu-
nity re-ordering, and species turnover processes. Regard-
less of whether ecosystem responses are linear or nonlinear, 
and lagged or not, a prediction of the HRF is that there will 
be continuous directional change over time in response to 
chronically changing resource levels associated with global 
change drivers.

An alternative outcome is that ecosystem responses, 
even to chronic resource changes, could be discontinuous 
over time, as a result of transient or stepped ecosystem 

Fig. 1   Hypothesized terrestrial ecosystem responses (either positive 
or negative) to chronic resource alterations over time: a no (or idi-
osyncratic) response; discontinuous (b transient or c stepped); and d 
continuous directional, either linear (black line), nonlinear (dark gray 
line), or including multiple stepped responses (light gray) as a result 
of different processes (physiological, species reordering, species 
turnover) driving the response at different time frames (modified from 
Smith et al. 2009). For the latter, discontinuous stepped responses (c) 
can turn into directional responses over time, particularly if there are 
extended lags in response (light gray line in d). Note that the early 
lags in response depicted for (b–d) may not necessarily occur, par-
ticularly if rapid physiological responses drive initial ecosystem 
response
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responses (Fig.  1). In these cases, other factors may con-
strain ecosystem response, such as the longevity of species 
in the community (i.e., an ecosystem dominated by long-
lived species, such as in forests, may respond only mini-
mally during the short time frames of many studies), or 
whether the regional species pool includes species adapted 
to the changing conditions or other resources limit ecosys-
tem response (Shaver et al. 2000; Huxman et al. 2004; Luo 
et  al. 2004; Ricklefs 2004; Ladwig et  al. 2012). Finally, 
an ecosystem may exhibit no change over time (or an idi-
osyncratic response), even when resource levels are altered 
(Fig. 1). This category of response could emerge for a num-
ber of reasons. For example, the resource being altered may 
be nonlimiting (LeBauer and Treseder 2008). Alternatively, 
interactions among multiple drivers may result in no net 
change (Shaw et  al. 2002; Reich 2009; Leuzinger et  al. 
2011; Morgan et al. 2011), or the lack of change over time 
could be due to other attributes of the community, such as 
high diversity, dominance, and compensatory responses 
among species or functional traits (Allan et al. 2011; Hal-
lett et al. 2014; Mariotte et al. 2013; Jung et al. 2014).

While much is known about how alterations in resources 
affect ecosystem responses (Rustad et al. 2001; Worm et al. 
2002; LeBauer and Treseder 2008; Wu et al. 2011), far less 
is known about how ecosystems differ in the magnitude 
and pattern of responses over time. This is, in part, due to 
the scarcity of long-term studies that manipulate resources 
chronically, i.e., on a yearly or more frequent basis, and 
because many resource manipulation studies are conducted 
in herbaceous ecosystems (e.g., Suding et  al. 2005; LeB-
auer and Treseder 2008). Long-term studies in a wide range 
of ecosystems are critical for assessing differential ecosys-
tem sensitivity and determining how ecosystem responses 
may change over time. With the maturation of long-term 
ecological research programs globally (e.g., the Interna-
tional Long-Term Ecological Research (ILTER) Network) 
and greater emphasis on extending experiments beyond the 
short term (i.e., typical 3-year funding cycle), such long-
term studies are now becoming increasingly available 
(Knapp et al. 2012b).

Here, we conducted a meta-level analysis of long-term 
datasets (ranging from 6 to  >20 yrs in duration) from 73 
individual experiments conducted within 36 different com-
munities (e.g., forest, grassland, wetland). For each of these 
experiments, resources have been altered annually or more 
frequently, either directly (i.e., via nutrient additions) or 
indirectly (i.e., via warming, disturbances or changes in 
biotic structure), and responses in aboveground net primary 
productivity (ANPP) were estimated each year (Table  1). 
These experiments represented unique combinations of 
ecosystem type, manipulation length and type of manipula-
tion. We focused on ANPP because it is widely regarded as 
an integrated measure of ecosystem function in terrestrial 

ecosystems (McNaughton et al. 1989), and it readily scales 
across methods and ecosystem types (Fahey and Knapp 
2007). Given that one of our goals was to assess patterns of 
ANPP response over time (Fig. 1), we restricted our analy-
sis to those experiments where annual measures of ANPP 
were available for 5 or more years. To analyze these data, 
we used effect sizes to assess the magnitude and direction 
of response of ANPP to experimentally induced changes in 
several key resources. We also determined if these ANPP 
responses varied with the length of the experiment, ecosys-
tem type, or the type of resource manipulated. In addition, 
we tested for the four types of ANPP response patterns 
expected over time with chronically changing resources 
(Fig.  1). Based on this analysis, we determined the fre-
quency of occurrence of the four types of response patterns, 
and examined whether their frequency of occurrences dif-
fered with ecosystem type, length of manipulation, or the 
type of manipulation. Finally, for a subset of experiments 
in which plant community data were available, we deter-
mined if significant ANPP responses were correlated with 
changes in community composition over time, a key pre-
diction of the HRF.

Materials and methods

To assess the sensitivity and patterns of ANPP response 
in terrestrial plant communities (including salt marsh), 
datasets were compiled from experiments that chroni-
cally manipulated at least one resource over time (i.e., on a 
yearly or more frequent basis) either (1) directly by adding 
nutrients, increasing CO2, or altering precipitation, or (2) 
indirectly through warming or by altering biotic structure 
via grazing, fire, species removals, or biodiversity manipu-
lations. These datasets were identified through a survey of 
the 26 Long-Term Ecological Research (LTER) sites in the 
US (Knapp et  al. 2012b) and through personal communi-
cation with investigators at other well-known long-term 
research sites. The 73 datasets included in our data syn-
thesis comprised 36 different plant communities at 13 sites 
(Table 1). These were selected based on the type of manip-
ulation (direct or indirect resource alteration), the length of 
the experimental manipulation (i.e., >5 years), and whether 
ANPP was measured as a response variable. In all but two 
cases (resource removal via pumping water out of salt 
marsh or preventing rainfall in forest), direct manipulations 
of resources occurred via additions. Where an experiment 
imposed multiple levels of the same treatment, only the 
highest level was used in this analysis in order to capture 
the greatest change in resource availability over time.

For each type of ecosystem, ANPP was estimated using 
standard methods (Fahey and Knapp 2007, Table  1), and 
although these methods may differ between ecosystem 
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types (e.g., forest vs. grassland), they provide comparable 
estimates of ANPP (Fahey and Knapp 2007). At herba-
ceous sites, ANPP was generally estimated as current year’s 
aboveground growth harvested at ground level at the time 
of peak biomass. One exception was ANPP at the Sevil-
leta LTER, which was estimated using allometric equations 
(Muldavin et al. 2008). Aboveground productivity was gen-
erally estimated at forested sites as litterfall plus increases 
in basal area. At the McMurdo LTER dry valley site, ANPP 
was measured as the concentration of chlorophyll a (chla) 

in surface soils. In addition, 13 primarily herbaceous com-
munities representing six experiments from five sites also 
had associated long-term plant species composition data 
collected concurrently with ANPP.

We used the test statistic, Hedges’ d, to assess the mag-
nitude and directionality of ANPP responses to chronic 
resource manipulations and to determine how these may 
differ with ecosystem type (forest, herbaceous-domi-
nated, other: salt marsh and Antarctic dry valleys), length 
of manipulation (short: 6–10 yrs, mid: 11–20 yrs, and 

Table 1   Summary of long-term experiments included in the study

For each experiment, single or multiple resources were directly (nutrients, CO2, water) or indirectly (temperature, other—biotic) manipulated 
on an annual or more frequent basis. The experiments encompassed three ecosystem types (forest, herbaceous-dominated, or other—coastal salt 
marsh and Antarctic dry valleys) and 36 community types, and ranged in duration from 6 to 26 years

Nutrients: N nitrogen (g m−2; mol m−2 for salt marsh), P phosphorus (g m−2; mol m−2 for salt marsh), C carbon (kg m−2), S sulfur (g m−2)

Site Ecosystem  
type

No. of commu-
nity types

Experiment 
length

Chronic resource manipulation References

Water Nutrients CO2 Other

Ascutney Forest 1 14 – 3N – – Aber et al.  
(1998)

Arctic LTER Herbaceous 2 14 – 10N,5P – – Gough and Hob-
bie (2003)

11 – 10N, 5P – – Hobbie et al. 
(2005)

Cedar Creek  
LTER

Herbaceous 2 10 – 4N 550 ppm Biodiversity Reich (2009)

4 26 – 40N – – Tilman (1987)

Bonanza Creek  
LTER

Forest 6 19 Precip.  
removal

14N, 3C – – Yarie and Van 
Cleve (1996)

Duke FACE Forest 1 12 – 11N 550 ppm – Oren et al.  
(2001)

Harvard Forest  
LTER

Forest 2 19 – 15N; 5N, 7S – – Aber and Magill 
(2004)

Kellogg  
Biological  
Station

Herbaceous 1 19 – 12N – – Foster and Gross 
(1998)

Konza Prairie  
LTER

Herbaceous 1 22 – 10N, 3P – Mowing,  
burning

Kitchen et al. 
(2009)

2 17 Water  
addition

– – – Collins et al. 
(2012)

1 8 – 10N, 10P – – Avolio et al. 
(2014)

McMurdo Dry  
Valley LTER

Other (dry  
valley)

3 10 Water  
addition

– – Temperature Simmons et al. 
(2009)

North Inlet Other (salt 
marsh)

2 25 – 30N, 15P – – Sundareshwar 
et al. (2003)

Plum Island  
Ecosystem  
LTER

Other (salt 
marsh)

1 10 – 15N, 7.5P – – Morris et al. 
(2013)

Sevilleta LTER Herbaceous 1 6 – 10N – – Ladwig et al. 
(2012)

2 12 – – – Herbivore  
removal

Báez et al. 2006

Virginia  
Coastal LTER

Other (salt 
marsh)

5 11 Pumped, 
border

– – –
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long: >20 yrs), and type of manipulation (nutrients: N, P, C, 
and CO2; climate: water, temperature; biotic: biodiversity 
manipulation, disturbance, herbivore removal; Table  1). 
For each of the 73 datasets, we averaged ANPP over time 
for the treatment (ANPPtrt) and control (ANPPctl) plots 
to determine ANPP effects using the following equation 
(Hedges and Olkin 1985):

where J = 1 −
3

4(ntrt+nctl−2)−1
 to correct for small sample 

sizes.
Following Preisser et al. (2005), we calculated the mean 

Hedges’ d across experiments in two ways. First, we cal-
culated the absolute value of Hedges’ d to remove the con-
founding influence of directionality of the response from 
our evaluation of magnitude (Preisser et al. 2005). The sec-
ond measure took into account effect direction; Hedges’ d 
was allowed to be either positive or negative for individual 
experiments. Because our data were non-normal, we report 
95  % confidence intervals derived from bootstrapping 
(MetaWin 2.1). Effect sizes were interpreted to be signifi-
cant (either positive or negative) if the 95 % bootstrap CIs 
excluded zero and did not overlap between groups.

We used repeated measures ANOVAs (rmANOVAs) to 
classify the ANPP response to the experimental treatments 
into one of four hypothesized response types (Fig.  1). 
These rmANOVAs were performed separately for each of 
the 73 individual datasets, with the absolute difference in 
ANPP between the mean of the treatment and the control 
for each year (hereafter, “absolute ANPP difference”) as 
the response variable, treatment as a fixed effect, and year 
as a repeated effect. Given the potential for both positive 
and negative ANPP responses over time to resource manip-
ulations, these responses could cancel each other out, effec-
tively resulting in no long-term response. Thus, we used the 
absolute ANPP difference to detect patterns of change in 
ANPP response over time. Based on the rmANOVAs, the 
73 experiments were classified into four response types: 
(1) no response—year effect only, (2) transient response—
year effect and year  ×  treatment interaction, (3) stepped 
response—year and treatment effects, with no interaction, 
and (4) directional (continuous) response—treatment effect 
and year × treatment interaction.

For the 13 experiments with plant community data col-
lected concurrently with ANPP, plant community dissimi-
larity was calculated between the treatment and control 
plots using Bray–Curtis distance matrices. Plant commu-
nity dissimilarity was then regressed against the absolute 
ANPP difference for each experiment to determine whether 
the change in ANPP was related to changes in community 
dissimilarity over time.

dANPP =
(ANPPtrt − ANPPctl)
√

(ntrt−1)s2
trt+(nctl−1)s2

ctl

ntrt+nctl−2

J ,

Repeated measures ANOVAs and regression analyses 
were performed using SAS version 9.3, and significance 
was set at P ≤ 0.05.

Results

For the 73 datasets included in our analysis, absolute 
dANPP across all experiments was significantly different 
from zero, with the largest ANPP effects in forest ecosys-
tems (Fig. 2). However, the direction of the effects differed 
with ecosystem type; forests generally had negative ANPP 
effects, while herbaceous ecosystems responded positively 
to chronic resource alterations (Fig. 2b). When combined, 
there was no overall ANPP effect when the relative Hedges’ 
d (with directionality) was calculated. The direction of 
ANPP effects also differed with manipulation length, with 
mid-duration ANPP effects usually negative, and short- 
(6–10 yrs) and long-duration (>20 yrs) effects positive 
(Fig.  2b). Given the difference in the direction of ANPP 
effects between ecosystem types, we examined ANPP 
responses for each ecosystem type separately. This revealed 
that the mid-duration negative effects were driven by the 
large number of forest studies with negative ANPP effects, 
while the herbaceous studies with positive ANPP responses 
were primarily either short- or long-duration manipulations 
(Fig. 3). Similarly, the lack of ANPP responses to nutrient 
manipulations overall (Fig.  2b) was driven by opposing 
responses of forest (negative dANPP) vs. herbaceous (nega-
tive dANPP) ecosystems.

All four predicted patterns of ANPP response over time 
(i.e., no response, transient, stepped, or directional) to 
chronic manipulations in resources were observed for the 
73 datasets analyzed (Fig.  4, Table S1 of the Electronic 
supplementary material, ESM). Across all ecosystem types, 
the most frequent response (47.9 % of the datasets) was no 
significant change in the absolute ANPP difference over 
time (i.e., no treatment effect, or year × treatment interac-
tion; Fig. 5). The next most common pattern was a stepped 
response (i.e., significant treatment and year effects; 31.5 % 
of the datasets), followed by a directional response (i.e., 
significant treatment and year ×  treatment effects; 15.1 % 
of the datasets). Transient responses were the least com-
mon (i.e., significant year effect and year × treatment inter-
action; 5  % of the datasets). The frequency of responses 
for the four categories differed with ecosystem type; for-
ests and other (salt marshes and dry valleys) ecosystems 
tended to exhibit either no response (59.2  % of 27 and 
52.6 % of 19 datasets, respectively) or a stepped response 
(40.7 % of 27 and 31.6 % of 19 datasets, respectively). In 
contrast, directional responses were most common for her-
baceous ecosystems (33.3 % of 27 datasets, Fig. 5), though 
stepped and no-effect responses were frequent as well (25.9 
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and 29.6 % out of 27 datasets, respectively). The length of 
the chronic resource manipulation also appeared to affect 
patterns of ANPP response, with no effect observed more 
often with short-term (<10  years) manipulations (43.5  % 
of 23 datasets), while directional change was most evi-
dent in long-term (>20 years) manipulations (55.6 % of 9 
datasets). Length of experiment had little effect on stepped 
and transient patterns (34.1 % of 44 vs. 33.3 % of 9 data-
sets; Fig. 5). Finally, the type of manipulation affected the 

pattern of ANPP response, with climate manipulations 
(water and temperature) generally having no effect (63.2 % 
of 19 datasets), and nutrient manipulations generally hav-
ing no effect or a stepped response (39.6 and 35.4 % of 48 
datasets, respectively; Fig. 5).

In cases where ANPP responses to chronic resource 
alterations were significant over time, we assessed whether 
the response was driven by changes in the plant community, 
a key prediction of the HRF. Plant community data were 
available for only 13 datasets (9 directional, 2 stepped, 2 no 
effect). For those experiments, plant community dissimilar-
ity was significantly and positively correlated with ANPP 
response for only two datasets (Table S2 of the ESM). In 
the case of moist-acidic tundra (ARC), community dissimi-
larity increased over time as the absolute ANPP difference 
increased over time, suggesting that community change 
was a primary driver of directional ecosystem response 
with chronic changes in N and P (Fig. 6a). Similarly, water 
removal (via pumping) in a salt marsh (VCR) resulted in a 

Fig. 2   Aboveground net primary production (ANPP) responses 
to chronic resource alterations, expressed as a absolute Hedges’ 
d (dANPP multiplied by 1 if positive and −1 if negative) or b rela-
tive Hedges’ d. Mean absolute and relative Hedges’ d was calcu-
lated across all 73 datasets (All) and by ecosystem type (ecosystem; 
Other  =  salt marsh and dry valleys), experiment length (length; 
Short  =  6–10  years, Mid  =  11–20  years, Long  =  >20  years), and 
manipulation type (manipulation; see Table 1 for details). Shown are 
95 % bootstrapped confidence intervals. Effect sizes are significant if 
the 95 % confidence intervals do not overlap with zero and between 
categories. Numbers in parentheses are the number of datasets in 
each category

Fig. 3   Aboveground net primary production (ANPP) responses, 
expressed as relative Hedges’ d (see Fig. 2), separated by ecosystem 
type and (top) length of experiment [a short (6–10 years), b mid (11–
20 years), and c long (>20 years) experiment lengths] and (bottom) 
type of manipulation [d nutrients, e climate, and f biotic]. Numbers in 
parentheses are the number of datasets in each category
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change in ANPP that tracked increases in community dis-
similarity (Fig. 6b).

Discussion

The goals of this study were to assess how chronic resource 
alterations affected (1) the magnitude and direction of 
ANPP response as influenced by ecosystem type, duration 
of resource manipulation, and the type of resource manipu-
lated, and (2) the pattern of temporal response (e.g., direc-
tional, stepped, transient) as predicted by the HRF (Fig. 1). 
We also determined if changes in plant community com-
position were associated with changes in ANPP over time, 
consistent with the prediction that community change is an 
important driver of ecosystem response to chronic resource 
alterations (Smith et al. 2009).

We found that ANPP responses (absolute dANPP) to 
chronic manipulations in resources (either direct or indi-
rect) averaged over time were significant (i.e., differ-
ent from zero), but that responses varied with ecosystem 
type; the largest ANPP effects occurred in forests (Fig. 2). 

Similarly, the directionality (relative dANPP) of ANPP 
responses varied with ecosystem type, with forests exhib-
iting significant negative ANPP responses and herbaceous 
ecosystems significant positive ANPP responses (Fig.  2). 
These contrasting ANPP responses resulted in no overall 
ANPP effect based on relative dANPP, which contrasts with 
the significant ANPP effects observed when using absolute 
Hedges’ d. Absolute ANPP response (absolute dANPP) did 
not differ significantly with length or type of manipula-
tion, although the 95 % confidence interval did not overlap 
with zero in any of the cases. However, once directionality 
was taken into account (relative dANPP), ANPP responses 
were negative and significant for mid-duration (11–20 yr) 
manipulations, positive and significant for short-duration 
(6–10 yrs) experiments, and not significant for long-dura-
tion (>20  yr) manipulations. Some of this variation can 
be explained by the fact that most of the mid-duration 
manipulations were in forests (Fig. 3), whereas there were 
no short- or long-duration manipulations in forests. Fur-
ther, there were relatively few studies >20 yrs in duration 
(Figs.  2, 3). This emphasizes the need for global change 
manipulations that extend well beyond the typical duration 

Fig. 4   Four examples of the types of aboveground net primary pro-
duction (ANPP) responses [expressed as the absolute ANPP differ-
ence between treatment (trt) and control (ctl); see text] to chronic 
resource alterations: a no response (significant year effect), b tran-

sient response (significant year and year  ×  treatment effects), c 
stepped response (significant year and treatment effects), and d direc-
tional response (significant treatment and year  ×  treatment effects, 
see Table S1 of the ESM)
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of ecological experiments, even those considered to be 
long-term (i.e., >10 yrs, Knapp et al. 2012b), particularly in 
forest ecosystems.

Similar to length of manipulation, there was a signifi-
cant ANPP response to nutrient and climate manipula-
tions based on absolute dANPP, but no significant effects 
were detected with relative dANPP (Fig. 2). These opposing 

patterns arose as a result of forests exhibiting negative 
responses to nutrient and climate manipulations but herba-
ceous and other ecosystems exhibiting positive responses 
(Fig. 3). Long-term biotic manipulations were few in num-
ber, making it difficult to detect significant effects for these 
types of experiments. Yet, such experiments are needed 
given that biotic alterations, such as those arising via 

Fig. 5   Proportions of different types of ANPP responses over time 
to chronic alterations in resources. Four categories of response were 
identified, based on rmANOVAs (Table S1 of the ESM). Shown are 
the response frequencies for (left) ecosystem type [a all, b forests, c 

herbaceous, and d other (salt marshes, dry valleys)], (middle) length 
of experiment [e short (6–10 years), f mid (11–20 years), and g long 
(>20 years) experiment lengths], and (right) type of manipulation [h 
nutrients and i climate]
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long-term changes in biodiversity and disturbance regimes, 
are an important aspect of global environmental change and 
a potentially important indirect driver of chronic resource 
alterations (Vitousek et al. 1997; Smith et al. 2009).

The contrasting ANPP effect patterns observed with 
our analysis show how the use of absolute vs. relative 
Hedges’ d can lead to very different conclusions concern-
ing how chronic resource alterations impact ecosystems. 
When combining response data from multiple drivers that 
may result in different directionality in ANPP effects (i.e., 
nutrients increase ANPP whereas water deficits or warming 
decrease ANPP) or ecosystems or communities that may 
exhibit opposing responses, we recommend that both abso-
lute and relative Hedges’ d metrics be used. This would 
allow for the assessment of how direction of effects influ-
ences conclusions concerning overall effect sizes.

In addition to examining mean ANPP effects, we also 
assessed how the absolute difference in ANPP response 
varied over time. The primary pattern of ANPP response 
over time (~48 % of the experiments) was that of no treat-
ment effect or an idiosyncratic response (Fig.  4), sug-
gesting that many communities are resistant to changes 

in functioning over time as resources are altered (Vittoz 
et al. 2009). This contrasts with the significant mean ANPP 
effect we detected, and suggests that while ANPP responds 
to resource alterations when averaged over time, this does 
not necessarily provide information on the temporal pattern 
of response. This is an important distinction given that most 
meta-analyses focus on mean effect sizes and not patterns 
of effects over time. The lack of ANPP response over time 
is surprising given that many of the experiments included 
in our study directly increased resource availability via 
nutrient additions (Table 1). However, many grassland eco-
systems, for example, do show mechanisms of resistance to 
perturbations (Vittoz et al. 2009; Hallett et al. 2014). Alter-
natively, the lack of response could have been due to lim-
ited power in detecting change over time, particularly for 
the shorter-term experiments. Clearly, additional long-term 
(>10 yr) resource manipulation experiments are needed to 
determine how chronic resource alterations affect dynam-
ics, stability and trajectories of change across a range of 
ecosystems.

When significant effects of chronic resource alterations 
occurred (52 % of the experiments), the pattern of ANPP 
response over time was quite variable. Contrary to predic-
tions of the HRF, continuous directional responses were 
relatively uncommon across all community and ecosystem 
types (15  %). Instead, stepped responses were the most 
common pattern observed (32  %), which suggests that a 
resource-driven shift to some alternative state may have 
altered ecosystem function (e.g., Fig. 4c). State changes are 
increasingly becoming recognized as an important potential 
outcome of global change drivers, and this response is con-
sistent with theory (Carpenter 2001; Scheffer et  al. 2001; 
Barnosky et  al. 2012). Alternatively, it may be that these 
stepped responses may emerge as nonlinear continuous 
responses if given enough time (Fig. 1). Finally, although 
several recent papers have argued that transient ecosystem 
responses may be a common outcome of resource manipu-
lations (Luo et al. 2001; Leuzinger et al. 2011), we found 
transient responses to be relatively rare (see also Clark and 
Tilman 2010). This suggests that greater confidence may be 
placed in significant ANPP responses observed in shorter-
term studies.

Although a stepped response was the most frequent 
pattern across all ecosystem types, this pattern differed 
when ecosystem types were examined separately (Fig. 4). 
For temperate forests and other ecosystems (salt marshes, 
Antarctic dry valleys), a stepped pattern of response was 
most frequently observed, with no occurrence of direc-
tional or transient responses for forests, and an infrequent 
occurrence of these patterns for salt marsh and dry valley 
ecosystems (11 and 5 %, respectively). The HRF predicts 
that differences among ecosystems in their patterns of 
response may, in part, be due to the longevity of dominant 

Fig. 6   The two community types—a moist-acidic tundra and b 
coastal salt marsh—that displayed a significant relationship between 
the response in ANPP to chronic alterations in resources (calculated 
as the absolute ANPP difference, see Fig.  4) and plant community 
dissimilarity between control and treatment plots (Table S2 of the 
ESM)
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plant species in the ecosystem. For example, the stepped 
responses for many of the forest ecosystems studied here 
could represent a portion of a longer-term continuous 
change pattern of response (Fig. 1d), with much of the pat-
tern driven by physiological responses, as species turnover 
times often exceed the time frames of many experiments 
(Chave et  al. 2008; Runkle 2013). In contrast, directional 
change in herbaceous ecosystems may occur more rapidly 
due to relatively high turnover rates of herbaceous plant 
species (Gross et  al. 2000; Collins et  al. 2008). Indeed, a 
continuous directional response was the most frequent pat-
tern observed for herbaceous ecosystems. Thus, species 
longevity could be an important determinant of how eco-
systems respond to global environmental change (Cleland 
et al. 2012).

In addition to differences in ecosystem attributes (e.g., 
longevity of dominant species), the HRF predicts that the 
availability of limiting resources also may, in part, deter-
mine the rate and magnitude of response over time to 
chronic resource alterations. Factors that may influence 
the availability of limiting resources, and thus the vari-
ation in the pattern of ecosystem response observed, are 
the magnitude, direction (addition or removal), and inten-
sity of resource manipulation. Furthermore, it may take 
an extended period of time for a chronic resource manipu-
lation to alter resource availability to the extent that spe-
cies tolerances are exceeded or an ecosystem crosses a 
resource threshold, as in the case of N saturation (Aber 
et al. 1998). Indeed, we found that the greatest frequency of 
stepped and directional responses occurred with the longer-
term (>11  years) manipulations of resources, particularly 
those  >20  years, suggesting that an increase in resource 
availability may have influenced the patterns of ecosystem 
response observed (Fig. 5). Unfortunately, these long-term 
experiments were primarily limited to herbaceous com-
munities. Finally, the type of resource manipulation could 
also affect the pattern of ANPP response over time, with 
resources that have a potential to accumulate (i.e., N and P) 
more likely to result in directional or stepped response pat-
terns (e.g., Clark and Tilman 2008). Although the primary 
response to either nutrient or climate manipulation was no 
effect (40 and 63 %, respectively), stepped and directional 
responses were more common with long-term nutrient 
manipulations (35 and 19  %) than climate manipulations 
(21 and 11  %, Fig.  5). Although an important aspect of 
resource availability is the standing amount (pool size) of 
a particular resource in an ecosystem prior to the resource 
manipulation, this information was not available for our 
analysis.

While our results suggest that patterns of ANPP 
responses to chronic resource alterations over the long 
term can be quite variable, determining the mechanisms 
that underlie these variations in response patterns over time 

requires further study along with a consideration of addi-
tional response variables. For example, Jentsch et al. (2011) 
showed that recurrent drought did not affect ANPP but 
did increase complementary plant–plant interactions, and 
reduced soil respiration, microbial biomass, and decompo-
sition rate. To permit a broader range of potential mecha-
nisms to be tested, comparable data that are complementary 
to ANPP responses should be collected. For example, with 
responses in plant community composition measured con-
current with ANPP, we can test whether species re-ordering 
within plant communities is related to patterns of ANPP 
response, a prediction of the HRF. For our analysis, these 
complementary data were available for only a small subset 
of the experiments that exhibited directional responses, and 
were not available for experiments with stepped responses. 
Of these, we found a significant correlation between com-
munity dissimilarity (a measure of change in community 
composition) and ANPP response in only two cases—a 
coastal salt marsh community and arctic tundra (Fig.  6; 
Table S2 of the ESM). This correlation emerged with both 
chronic resource addition and removal; however, additional 
studies that are designed to test this and other mechanisms 
underlying ecosystem response more rigorously are clearly 
needed.

Our analysis was based on the perspective that most 
global change drivers lead to alterations in key resources 
over time (Worm et al. 2002; Suding et al. 2005; Reich et al. 
2006), and these are expected to affect community struc-
ture and ecosystem processes, particularly when resources 
are limiting (Fridley 2002; Stevens et al. 2004; Elser et al. 
2007). Changes in the plant community and ANPP are 
expected to occur in tandem as a result of the strong link-
age and feedback between community dynamics and eco-
system function (Cardinale et al. 2012; Hooper et al. 2012). 
Results from our synthesis are consistent with individual 
studies that have shown that some communities and eco-
systems can be quite responsive to changes in resources 
(Parmesan and Yohe 2003; Adams et  al. 2009; Halpern 
et al. 2008; Tilman et al. 2012), while others appear to be 
surprisingly resistant (Vittoz et al. 2009; Hudson and Henry 
2010, Collins et al. 2012) or show only transient or variable 
responses over time (Luo et al. 2001; Cherwin and Knapp 
2012) with minimal changes in community composition 
and structure (Collins et al. 2012; Knapp et al. 2012a). Our 
results also point to the need to expand our understanding 
of a broader suite of ecosystem responses (e.g., below-
ground NPP, NPP, net ecosystem exchange, soil CO2 flux, 
etc.) to global environmental change. Improved understand-
ing will require that we conduct studies in which resources 
and/or global change drivers are manipulated individu-
ally and in combination over very long time frames, yet 
few funding sources exist to support long-term research 
globally. Nevertheless, experiments that simultaneously 
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manipulate multiple resources over the long term across a 
broad range of ecosystem types are urgently needed. Such 
experiments should measure ecosystem responses at multi-
ple hierarchical levels to better understand patterns, mecha-
nisms and consequences of chronic resource alterations. 
Such highly coordinated comparative research is essential 
for understanding how and why ecosystems may differ in 
their sensitivities over time to chronic resource alterations 
associated with global environmental change.

Author contribution statement  MDS conceived the 
study and wrote the manuscript. KJL analyzed the data and 
developed the figures. AKK, KJL, and SLC contributed to 
writing the manuscript. KLG, JEB, SDF, LG, RJM, JTM, 
LER, and JY participated in the working group that led to 
this manuscript and contributed long-term datasets.

Acknowledgments  This synthesis effort was a product of an LTER 
Working Group entitled “Long-term experiments in the LTER Net-
work: synthesis and hypothesis testing.” We thank the participants of 
the working group for their contributions; S. McNulty, J. Boggs, P. 
Edwards, F. Wood, and R. Oren for providing data for this analysis; 
and the LTER Network Office for providing support. We thank four 
anonymous reviewers for providing comments on previous versions 
of the manuscript.

References

Aber JD, Magill AH (2004) Chronic nitrogen additions at the Har-
vard Forest (USA): the first 15  years of a nitrogen satura-
tion experiment. For Ecol Manag 196:1–5. doi:10.1016/j.
foreco.2004.03.009

Aber J, McDowell W, Nadelhoffer K, Magill A, Berntson G, Kam-
akea M, McNulty S, Currie W, Rustad L, Fernandez I (1998) 
Nitrogen saturation in temperate forest ecosystems. Bioscience 
48:921–934. doi:10.2307/1313296

Adams HD, Guardiola-Claramonte M, Barron-Gafford GA, Ville-
gas JC, Breshears DD, Zou CB, Troch PA, Huxman TE (2009) 
Temperature sensitivity of drought-induced tree mortality por-
tends increased regional die-off under global-change-type 
drought. Proc Natl Acad Sci USA 106:7063–7066. doi:10.1073/
pnas.0901438106

Allan E, Weisser W, Weigelt A, Roscher C, Fischer M, Hillebrand H 
(2011) More diverse plant communities have higher function-
ing over time due to turnover in complementary dominant spe-
cies. Proc Natl Acad Sci USA 108:17034–17039. doi:10.1073/
pnas.1104015108

Avolio ML, Koerner SE, La Pierre KJ, Wilcox KR, Wilson GWT, 
Smith MD, Collins SL (2014) Changes in plant community com-
position, not diversity, during a decade of nitrogen and phospho-
rus additions drive above-ground productivity in tallgrass prairie. 
J Ecol 102:1649–1660

Báez S, Collins S, Lightfoot D, Koontz T (2006) Effects of rodent 
removal on community dynamics in desert grassland and 
shrubland vegetation. Ecology 87:2746–2754. doi:10.1007/
s00442-012-2552-0

Barnosky AD, Hadly EA, Bascompte J, Berlow EL, Brown JH, Forte-
lius M, Getz WM, Harte J, Hastings A, Marquet PA, Martinez 

ND, Mooers A, Roopnarine P, Vermeij G, Williams JW, Gillespie 
R, Kitzes J, Marshall C, Matzke N, Mindell DP, Revilla E, Smith 
AB (2012) Approaching a state shift in Earth’s biosphere. Nature 
486:52–58. doi:10.1038/nature11018

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail 
P, Narwani A, Mace GM, Tilman D, Wardle D, Kinzig AP, 
Daily GC, Loreau M, Grace JB, Larigauderie A, Srivastava DS, 
Naeem S (2012) Corrigendum: biodiversity loss and its impact on 
humanity. Nature 489:326. doi:10.1038/nature11373

Carpenter SR (2001) Alternate states of ecosystems: evidence and 
some implications. In: Press MC, Huntly N, Levin S (eds) Ecol-
ogy: achievement and challenge. Blackwell, London, pp 357–381

Chave J, Condit R, Muller-Landau HC, Thomas SC, Ashton PS, 
Bunyavejchewin S, Co LL, Dattaraja HS, Davies SJ, Esufali S, 
Ewango CEN, Feeley KJ, Foster RB, Gunatilleke N, Gunatilleke 
S, Hall P, Hart TB, Hernández C, Hubbell SP, Itoh A, Kirati-
prayoon S, LaFrankie JV, De Lao SL, Makana JR, Noor MNS, 
Kassim AR, Samper C, Sukumar R, Suresh HS, Tan S, Thomp-
son J, Tongco MDC, Valencia R, Vallejo M, Villa G, Yamakura T, 
Zimmerman JK, Losos EC (2008) Assessing evidence for a per-
vasive alteration in tropical tree communities. PLoS Biol 6:0455–
0462. doi:10.1371/journal.pbio.0060045

Cherwin K, Knapp A (2012) Unexpected patterns of sensitivity to 
drought in three semi-arid grasslands. Oecologia 169:845–852. 
doi:10.1007/s00442-011-2235-2

Clark CM, Tilman D (2008) Loss of plant species after chronic low-
level nitrogen deposition to prairie grasslands. Nature 451:712–
715. doi:10.1038/nature06503

Clark CM, Tilman D (2010) Recovery of plant diversity following N 
cessation: effects of recruitment, litter, and elevated N cycling. 
Ecology 91:3620–3630. doi:10.1890/09-1268.1

Cleland EE, Allen JM, Crimmins TM, Dunne JA, Pau S, Travers 
SE, Zavaleta ES, Wolkovich EM (2012) Phenological tracking 
enables positive species responses to climate change. Ecology 
93:1765–1771. doi:10.1890/11-1912.1

Collins SL, Suding KN, Cleland EE, Batty M, Pennings SC, Gross 
KL, Grace JB, Gough L, Fargione JE, Clark CM (2008) Rank 
clocks and plant community dynamics. Ecology 89:3534–3541. 
doi:10.1890/07-1646.1

Collins SL, Koerner SE, Plaut JA, Okie JG, Brese D, Calabrese LB, 
Carvajal A, Evansen RJ, Nonaka E (2012) Stability of tallgrass 
prairie during a 19-year increase in growing season precipitation. 
Funct Ecol 26:1450–1459. doi:10.1111/j.1365-2435.2012.01995.x

Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS, Hille-
brand H, Ngai JT, Seabloom EW, Shurin JB, Smith JE (2007) 
Global analysis of nitrogen and phosphorus limitation of primary 
producers in freshwater, marine and terrestrial ecosystems. Ecol 
Lett 10:1135–1142. doi:10.1111/j.1461-0248.2007.01113.x

Fahey TJ, Knapp AK (2007) Principles and standards for measuring 
net primary production. Oxford University Press, Oxford

Foley JA, Defries R, Asner GP, Barford C, Bonan G, Carpenter SR, 
Chapin FS, Coe MT, Daily GC, Gibbs HK, Helkowski JH, Hol-
loway T, Howard EA, Kucharik CJ, Monfreda C, Patz JA, Pren-
tice IC, Ramankutty N, Snyder PK (2005) Global consequences 
of land use. Science 309:570–574. doi:10.1126/science.1111772

Foster BL, Gross KL (1998) Species richness in a successional grassland: 
effects of nitrogen enrichment and plant litter. Ecology 79:2593–
2602. doi:10.1890/0012-9658(1998)079[2593:SRIASG]2.0.CO;2

Fridley JD (2002) Resource availability dominates and alters the 
relationship between species diversity and ecosystem productiv-
ity in experimental plant communities. Oecologia 132:271–277. 
doi:10.1007/s00442-002-0965-x

Gough L, Hobbie SE (2003) Responses of moist non-acidic arc-
tic tundra to altered environment: productivity, biomass, 
and species richness. Oikos 103:204–216. doi:10.1034/j. 
1600-0706.2003.12363.x

http://dx.doi.org/10.1016/j.foreco.2004.03.009
http://dx.doi.org/10.1016/j.foreco.2004.03.009
http://dx.doi.org/10.2307/1313296
http://dx.doi.org/10.1073/pnas.0901438106
http://dx.doi.org/10.1073/pnas.0901438106
http://dx.doi.org/10.1073/pnas.1104015108
http://dx.doi.org/10.1073/pnas.1104015108
http://dx.doi.org/10.1007/s00442-012-2552-0
http://dx.doi.org/10.1007/s00442-012-2552-0
http://dx.doi.org/10.1038/nature11018
http://dx.doi.org/10.1038/nature11373
http://dx.doi.org/10.1371/journal.pbio.0060045
http://dx.doi.org/10.1007/s00442-011-2235-2
http://dx.doi.org/10.1038/nature06503
http://dx.doi.org/10.1890/09-1268.1
http://dx.doi.org/10.1890/11-1912.1
http://dx.doi.org/10.1890/07-1646.1
http://dx.doi.org/10.1111/j.1365-2435.2012.01995.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01113.x
http://dx.doi.org/10.1126/science.1111772
http://dx.doi.org/10.1007/s00442-002-0965-x
http://dx.doi.org/10.1034/j.1600-0706.2003.12363.x
http://dx.doi.org/10.1034/j.1600-0706.2003.12363.x


946	 Oecologia (2015) 177:935–947

1 3

Gross KL, Willig MR, Gough L, Inouye R, Cox SB (2000) Pat-
terns of species density and productivity at different spa-
tial scales in herbaceous plant communities. Oikos 89:417. 
doi:10.1034/j.1600-0706.2000.890301.x

Hallett LM, Hsu JS, Cleland EE, Collins SL, Dickson TL, Farrer 
EC, Gherardi LA, Gross KL, Hobbs RJ, Turnbull L, Suding KN 
(2014) Biotic mechanisms contributing to the stability of primary 
productivity alternate along a gradient of precipitation variability. 
Ecology 95:1693–1700

Halpern BS, Walbridge S, Selkoe Ka, Kappel CV, Micheli F, 
D’Agrosa C, Bruno JF, Casey KS, Ebert C, Fox HE, Fujita R, 
Heinemann D, Lenihan HS, Madin EMP, Perry MT, Selig 
ER, Spalding M, Steneck R, Watson R (2008) A global map of 
human impact on marine ecosystems. Science 319:948–952. 
doi:10.1126/science.1149345

Hautier Y, Niklaus PA, Hector A (2009) Competition for light causes 
plant biodiversity loss after eutrophication. Science 324:636–638. 
doi:10.1126/science.1169640

Hedges LV, Olkin I (1985) Statistical methods for meta-analysis. Aca-
demic, New York

Hobbie SE, Gough L, Shaver GR (2005) Species compositional dif-
ferences on different-aged glacial landscapes drive contrast-
ing responses of tundra to nutrient addition. J Ecol 93:770–782. 
doi:10.1111/j.1365-2745.2005.01006.x

Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK, Hungate BA, 
Matulich KL, Gonzalez A, Duffy JE, Gamfeldt L, O’Connor MI 
(2012) A global synthesis reveals biodiversity loss as a major 
driver of ecosystem change. Nature 486:105–109. doi:10.1038/
nature11118

Hudson JMG, Henry GHR (2010) High Arctic plant community 
resists 15 years of experimental warming. J Ecol 98:1035–1041. 
doi:10.1111/j.1365-2745.2010.01690.x

Huxman TE, Smith MD, Fay PA, Knapp AK, Shaw MR, Loik ME, 
Smith SD, Tissue DT, Zak JC, Weltzin JF, Pockman WT, Sala 
OE, Haddad BM, Harte J, Koch GW, Schwinning S, Small EE, 
Williams DG (2004) Convergence across biomes to a com-
mon rain-use efficiency. Nature 429:651–654. doi:10.1038/
nature02561

IPCC (2013) Stoker TF, Qin D, Plattner G-K, Tignor M, Allen SK, 
Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds) Climate 
Change 2013: the physical science basis. Contribution of Work-
ing Group I to the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change. Cambridge University Press, 
Cambridge, New York

Isbell F, Reich PB, Tilman D, Hobbie SE, Polasky S, Binder S (2013) 
Nutrient enrichment, biodiversity loss, and consequent declines 
in ecosystem productivity. Proc Natl Acad Sci USA 110:11911–
11916. doi:10.1073/pnas.1310880110

Jentsch A, Kreyling J, Elmer M, Gellesch E, Glaser B, Grant K, 
Hein R, Lara M, Mirzae H, Nadler SE, Nagy L, Otieno D, 
Pritsch K, Rascher U, Schädler M, Schloter M, Singh BK, 
Stadler J, Walter J, Wellstein C, Wöllecke J, Beierkuhnlein C 
(2011) Climate extremes initiate ecosystem-regulating func-
tions while maintaining productivity. J Ecol 99:689–702. 
doi:10.1111/j.1365-2745.2011.01817.x

Jin Y, Goulden ML (2013) Ecological consequences of variation in 
precipitation: separating short- versus long-term effects using sat-
ellite data. Glob Ecol Biogeogr. doi:10.1111/geb.12135

Jung V, Albert CH, Violle C, Kunstler G, Loucougaray G, Spiegel-
berger T (2014) Intraspecific trait variability mediates the 
response of subalpine grassland communities to extreme drought 
events. J Ecol 102:45–53. doi:10.1111/1365-2745.12177

Kitchen DJ, Blair JM, Callaham MA (2009) Annual fire and mowing 
alter biomass, depth distribution, and C and N content of roots 
and soil in tallgrass prairie. Plant Soil 323:235–247. doi:10.1007/
s11104-009-9931-2

Knapp AK, Briggs JM, Smith MD (2012a) Annual fire and mowing 
alter biomass, depth distribution, and C and N content of roots 
and soil in tallgrass prairie. Funct Ecol 26:1231–1233

Knapp AK, Smith MD, Hobbie SE, Collins SL, Timothy J, Hansen 
GJA, Landis DA, La Pierre KJ, Melillo JM, Seastedt TR, Shaver 
GR, Webster JR (2012b) Past, present, and future roles of long-
term experiments in the LTER network. Bioscience 62:377–389

Ladwig LM, Collins SL, Swann AL, Xia Y, Allen MF, Allen EB 
(2012) Above- and belowground responses to nitrogen addi-
tion in a Chihuahuan Desert grassland. Oecologia 169:177–185. 
doi:10.1007/s00442-011-2173-z

LeBauer DS, Treseder KK (2008) Nitrogen limitation of net primary 
productivity in terrestrial ecosystems is globally distributed. 
Ecology 89:371–379. doi:10.1890/06-2057.1

Leuzinger S, Luo Y, Beier C, Dieleman W, Vicca S, Körner C (2011) 
Do global change experiments overestimate impacts on terres-
trial ecosystems? Trends Ecol Evol 26:236–241. doi:10.1016/j.
tree.2011.02.011

Lubchenco J (1998) Entering the century of the environment: a new 
social contract for science. Science 279:491–497. doi:10.1126/
science.279.5350.491

Luo Y, Wan S, Hui D, Wallace LL (2001) Acclimatization of soil res-
piration to warming in a tall grass prairie. Nature 413:622–625. 
doi:10.1038/35098065

Luo Y, Su B, Currie WS, Dukes JS, Finzi A, Hartwig U, Hungate B, 
McMurtrie RE, Oren R, Parton WJ, Pataki DE, Shaw MR, Zak 
DR, Field CB (2004) Progressive nitrogen limitation of ecosys-
tem responses to rising atmospheric carbon dioxide. Bioscience 
54:731. doi:10.1641/0006-3568(2004)054[0731:PNLOER]2.0
.CO;2

Mariotte P, Vandenberghe C, Meugnier C, Rossi P, Bardgett RD, But-
tler A (2013) Subordinate plant species impact on soil microbial 
communities and ecosystem functioning in grasslands: findings 
from a removal experiment. Perspect Plant Ecol Evol Syst 15:77–
85. doi:10.1016/j.ppees.2012.12.003

McNaughton SJ, Osterehld M, Frank DA, Williams KJ (1989) Eco-
system-level patterns of primary productivity and herbivory in 
terrestrial habitats. Nature 341:142–144

Mendelssohn I, Morris J (2000) Eco-physiological controls on the 
productivity of Spartina alterniflora Loisel. In: Weinstein MP, 
Kreeger DA (eds) Concepts and controversies in tidal marsh ecol-
ogy. Kluwer, Dordrecht, pp 59–80

Morgan JA, LeCain DR, Pendall E, Blumenthal DM, Kimball BA, 
Carrillo Y, Williams DG, Heisler-White J, Dijkstra FA, West M 
(2011) C4 grasses prosper as carbon dioxide eliminates desic-
cation in warmed semi-arid grassland. Nature 476:202–205. 
doi:10.1038/nature10274

Morris J, Sundberg K, Hopkinson C (2013) Salt marsh primary pro-
duction and its responses to relative sea level and nutrients in 
estuaries at Plum Island, Massachusetts, and North Inlet, South 
Carolina, USA. Oceanography 26:78–84

Muldavin EH, Moore DI, Collins SL, Wetherill KR, Lightfoot DC 
(2008) Aboveground net primary production dynamics in a north-
ern Chihuahuan Desert ecosystem. Oecologia 155:123–132. 
doi:10.1007/s00442-007-0880-2

Oren R, Ellsworth DS, Johnsen KH, Phillips N, Ewers BE, Maier C, 
Schäfer KV, McCarthy H, Hendrey G, McNulty SG, Katul GG 
(2001) Soil fertility limits carbon sequestration by forest eco-
systems in a CO2-enriched atmosphere. Nature 411:469–472. 
doi:10.1038/35078064

Parmesan C, Yohe G (2003) A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature 421:37–42. 
doi:10.1038/nature01286

Preisser EL, Bolnick DI, Benard MF (2005) Scared to death? The 
effects of intimidation and consumption in predator–prey interac-
tions. Ecology 86:501–509. doi:10.1890/04-0719

http://dx.doi.org/10.1034/j.1600-0706.2000.890301.x
http://dx.doi.org/10.1126/science.1149345
http://dx.doi.org/10.1126/science.1169640
http://dx.doi.org/10.1111/j.1365-2745.2005.01006.x
http://dx.doi.org/10.1038/nature11118
http://dx.doi.org/10.1038/nature11118
http://dx.doi.org/10.1111/j.1365-2745.2010.01690.x
http://dx.doi.org/10.1038/nature02561
http://dx.doi.org/10.1038/nature02561
http://dx.doi.org/10.1073/pnas.1310880110
http://dx.doi.org/10.1111/j.1365-2745.2011.01817.x
http://dx.doi.org/10.1111/geb.12135
http://dx.doi.org/10.1111/1365-2745.12177
http://dx.doi.org/10.1007/s11104-009-9931-2
http://dx.doi.org/10.1007/s11104-009-9931-2
http://dx.doi.org/10.1007/s00442-011-2173-z
http://dx.doi.org/10.1890/06-2057.1
http://dx.doi.org/10.1016/j.tree.2011.02.011
http://dx.doi.org/10.1016/j.tree.2011.02.011
http://dx.doi.org/10.1126/science.279.5350.491
http://dx.doi.org/10.1126/science.279.5350.491
http://dx.doi.org/10.1038/35098065
http://dx.doi.org/10.1016/j.ppees.2012.12.003
http://dx.doi.org/10.1038/nature10274
http://dx.doi.org/10.1007/s00442-007-0880-2
http://dx.doi.org/10.1038/35078064
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1890/04-0719


947Oecologia (2015) 177:935–947	

1 3

Reich PB (2009) Elevated CO2 reduces losses of plant diver-
sity caused by nitrogen deposition. Science 326:1399–1402. 
doi:10.1126/science.1178820

Reich PB, Hungate BA, Luo Y (2006) Carbon–nitrogen interactions 
in terrestrial ecosystems in response to rising atmospheric car-
bon dioxide. Annu Rev Ecol Evol Syst 37:611–636. doi:10.1146/
annurev.ecolsys.37.091305.110039

Ricklefs R (2004) A comprehensive framework for global patterns in bio-
diversity. Ecol Lett 7:1–15. doi:10.1046/j.1461-0248.2003.00554.x

Rockström J, Steffen W, Noone K, Persson A, Chapin FS, Lambin 
EF, Lenton TM, Scheffer M, Folke C, Schellnhuber HJ, Nykvist 
B, de Wit CA, Hughes T, van der Leeuw S, Rodhe H, Sörlin S, 
Snyder PK, Costanza R, Svedin U, Falkenmark M, Karlberg L, 
Corell RW, Fabry VJ, Hansen J, Walker B, Liverman D, Rich-
ardson K, Crutzen P, Foley JA (2009) A safe operating space for 
humanity. Nature 461:472–475. doi:10.1038/461472a

Runkle JR (2013) Thirty-two years of change in an old-
growth Ohio beech–maple forest. Ecology 94:1165–1175. 
doi:10.1890/11-2199.1

Rustad LE, Campbell JL, Marion GM, Norby RJ, Mitchell MJ, Hart-
ley AE, Cornelissen JHC, Gurevitch J, GCTE-News (2001) A 
meta-analysis of the response of soil respiration, net nitrogen 
mineralization, and aboveground plant growth to experimen-
tal ecosystem warming. Oecologia 126:543–562. doi:10.1007/
s004420000544

Sala OE, Chapin FS, Armesto JJ, Berlow E, Bloomfield J, Dirzo R, Huber-
Sanwald E, Huenneke LF, Jackson RB, Kinzig A, Leemans R, Lodge 
DM, Mooney HA, Oesterheld M, Poff NL, Sykes MT, Walker BH, 
Walker M, Wall DH (2000) Global biodiversity scenarios for the year 
2100. Science 287:1770–1774. doi:10.1126/science.287.5459.1770

Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001) 
Catastrophic shifts in ecosystems. Nature 413:591–596. 
doi:10.1038/35098000

Schröter D, Cramer W, Leemans R, Prentice IC, Araújo MB, Arnell 
NW, Bondeau A, Bugmann H, Carter TR, Gracia CA, de la 
Vega-Leinert AC, Erhard M, Ewert F, Glendining M, House JI, 
Kankaanpää S, Klein RJT, Lavorel S, Lindner M, Metzger MJ, 
Meyer J, Mitchell TD, Reginster I, Rounsevell M, Sabaté S, Sitch 
S, Smith B, Smith J, Smith P, Sykes MT, Thonicke K, Thuiller 
W, Tuck G, Zaehle S, Zierl B (2005) Ecosystem service supply 
and vulnerability to global change in Europe. Science 310:1333–
1337. doi:10.1126/science.1115233

Shaver GR, Canadell J, Chapin FS, Gurevitch J, Harte J, Henry G, Ineson 
P, Jonasson S, Melillo J, Pitelka L, Rustad L (2000) Global warming 
and terrestrial ecosystems: a conceptual framework for analysis. Bio-
science 50:871–882. doi:10.1641/0006-3568(2000)050[0871:gwatea
]2.0.co;2

Shaw MR, Zavaleta ES, Chiariello NR, Cleland EE, Mooney HA, 
Field CB (2002) Grassland responses to global environmental 
changes suppressed by elevated CO2. Science 298:1987–1990. 
doi:10.1126/science.1075312

Simmons BL, Wall DH, Adams BJ, Ayres E, Barrett JE, Virginia RA 
(2009) Long-term experimental warming reduces soil nematode 
populations in the McMurdo Dry Valleys, Antarctica. Soil Biol 
Biochem 41:2052–2060. doi:10.1016/j.soilbio.2009.07.009

Sistla S, Moore JC, Simpson RT, Gough L, Shaver GR, Schimel JP 
(2013) Long-term warming restructures Arctic tundra with-
out changing net soil carbon storage. Nature. doi:10.1038/
nature12129

Smith MD, Knapp AK, Collins SL (2009) A framework for assess-
ing ecosystem dynamics in response to chronic resource altera-
tions induced by global change. Ecology 90:3279–3289. 
doi:10.1890/08-1815.1

Stevens CJ, Dise NB, Mountford JO, Gowing DJ (2004) Impact of 
nitrogen deposition on the species richness of grasslands. Science 
303:1876–1879. doi:10.1126/science.1094678

Suding KN, Collins SL, Gough L, Clark C, Cleland EE, Gross KL, 
Milchunas DG, Pennings S (2005) Functional- and abundance-
based mechanisms explain diversity loss due to N fertiliza-
tion. Proc Natl Acad Sci USA 102:4387–4392. doi:10.1073/
pnas.0408648102

Sundareshwar PV, Morris JT, Koepfler EK, Fornwalt B (2003) 
Phosphorus limitation of coastal ecosystem processes. Science 
299:563–565. doi:10.1126/science.1079100

Tilman DG (1987) Secondary succession and the pattern of plant 
dominance along experimental nitrogen gradients. Ecol Monogr 
57:189–214. doi:10.2307/2937080

Tilman D, Reich PB, Isbell F (2012) Biodiversity impacts ecosystem 
productivity as much as resources, disturbance, or herbivory. Proc 
Natl Acad Sci 109:10394–10397. doi:10.1073/pnas.1208240109

Vitousek PM, Mooney HA, Lubchenco J, Melillo JM (1997) Human 
domination of Earth’s ecosystems. Science 277:494–499. 
doi:10.1126/science.277.5325.494

Vittoz P, Randin C, Dutoit A, Bonnet F, Hegg O (2009) Low 
impact of climate change on subalpine grasslands in the 
Swiss Northern Alps. Glob Chang Biol 15:209–220. 
doi:10.1111/j.1365-2486.2008.01707.x

Wang D, Heckathorn SA, Wang X, Philpott SM (2012) A meta-
analysis of plant physiological and growth responses to tem-
perature and elevated CO2. Oecologia 169:1–13. doi:10.1007/
s00442-011-2172-0

Worm B, Lotze HK, Hillebrand H, Sommer U (2002) Consumer ver-
sus resource control of species diversity and ecosystem function-
ing. Nature 417:848–851. doi:10.1038/nature00830

Wu Z, Dijkstra P, Koch GW, Peuñelas J, Hungate BA (2011) 
Responses of terrestrial ecosystems to temperature and precipita-
tion change: a meta-analysis of experimental manipulation. Glob 
Chang Biol 17:927–942. doi:10.1111/j.1365-2486.2010.02302.x

Yarie J, Van Cleve K (1996) Effects of carbon, fertilizer, and drought 
on foliar chemistry of tree species in interior Alaska. Ecol Appl 
6:815–827

http://dx.doi.org/10.1126/science.1178820
http://dx.doi.org/10.1046/j.1461-0248.2003.00554.x
http://dx.doi.org/10.1038/461472a
http://dx.doi.org/10.1890/11-2199.1
http://dx.doi.org/10.1007/s004420000544
http://dx.doi.org/10.1007/s004420000544
http://dx.doi.org/10.1126/science.287.5459.1770
http://dx.doi.org/10.1038/35098000
http://dx.doi.org/10.1126/science.1115233
http://dx.doi.org/10.1126/science.1075312
http://dx.doi.org/10.1016/j.soilbio.2009.07.009
http://dx.doi.org/10.1038/nature12129
http://dx.doi.org/10.1038/nature12129
http://dx.doi.org/10.1890/08-1815.1
http://dx.doi.org/10.1126/science.1094678
http://dx.doi.org/10.1073/pnas.0408648102
http://dx.doi.org/10.1073/pnas.0408648102
http://dx.doi.org/10.1126/science.1079100
http://dx.doi.org/10.2307/2937080
http://dx.doi.org/10.1073/pnas.1208240109
http://dx.doi.org/10.1126/science.277.5325.494
http://dx.doi.org/10.1111/j.1365-2486.2008.01707.x
http://dx.doi.org/10.1007/s00442-011-2172-0
http://dx.doi.org/10.1007/s00442-011-2172-0
http://dx.doi.org/10.1038/nature00830
http://dx.doi.org/10.1111/j.1365-2486.2010.02302.x

	Global environmental change and the nature of aboveground net primary productivity responses: insights from long-term experiments
	Abstract 
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments 
	References


