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of 5 days. Warming of 4.4 °C reduced relative growth rates 
by about 60 %, which may have been partially caused by 
the direct effects of temperature on photosynthesis and res-
piration. Warming indirectly increased vapor pressure defi-
cit (VPD) by 0.2–0.5 kPa, and leaf-to-air VPD over 1.3 kPa 
restricted stomatal conductance of T. discolor to 10–40 % 
of maximum conductance. These results highlight the need 
to account for changes in VPD when estimating tempera-
ture responses of plant species under future warming sce-
narios. Increasing temperature in the future will likely be 
an important limiting factor to the distribution of T. dis-
color, especially along the southern edge of its range.

Keywords  Experimental warming · Vapor pressure 
deficit · Reproduction · Photosynthesis · Temperate forest 
understory

Introduction

Mean temperature in the United States is expected to 
increase by 2–6  °C by 2100 (Karl et  al. 2009). Plant 
responses to warming are highly variable, with the direction 
and magnitude of responses depending on species and ini-
tial environmental conditions (Arft et al. 1999; Rustad et al. 
2001; Wu et  al. 2011). Current temperatures in the native 
environment of many plant species are below their growth 
optimum, particularly in temperate and boreal regions 
(Way and Oren 2010), so future warming is expected to 
increase growth for many plant species. This expectation, 
however, is complicated by future changes to atmospheric 
vapor pressure deficit (VPD), which has strong effects on 
plant physiology that vary from species to species. Higher 
temperatures increase the water-holding capacity of the 
atmosphere, and if relative humidity remains fairly constant 

Abstract  In the eastern United States, winter temperature 
has been increasing nearly twice as fast as summer temper-
ature, but studies of warming effects on plants have focused 
on species that are photosynthetically active in summer. 
The terrestrial orchid Tipularia discolor is leafless in sum-
mer and acquires C primarily in winter. The optimum tem-
perature for photosynthesis in T. discolor is higher than 
the maximum temperature throughout most of its growing 
season, and therefore growth can be expected to increase 
with warming. Contrary to this hypothesis, experimental 
warming negatively affected reproductive fitness (number 
of flowering stalks, flowers, fruits) and growth (change in 
leaf area from 2010 to 2012) in T. discolor. Temperature in 
June–July was critical for flowering, and mean July tem-
perature greater than 29  °C (i.e., 2.5  °C above ambient) 
eliminated reproduction. Warming of 1.2 °C delayed flow-
ering by an average of 10 days and fruiting by an average 
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in the future (e.g., Trenberth et al. 2005), global warming 
will cause VPD and the evaporative demand of the atmos-
phere to rise.

While species success ultimately requires net C gain, 
it also depends on successful reproduction, which may be 
influenced by climate in ways distinct from the influence 
of climate on growth. Higher temperatures often increase 
plant reproduction (Dormann and Woodin 2002; Pfeifer 
et al. 2006; De Frenne et al. 2011; Klady et al. 2011), but 
there are exceptions (Totland and Alatalo 2002) and just 
as for all responses to temperature, optima beyond which 
performance declines. Warming effects on reproduction 
are more difficult to generalize than are effects on growth. 
Reproduction is influenced by plant investment strate-
gies and, in many species, by interactions with pollinators 
(which may in turn be influenced by climate). In cool tem-
perate regions, increases in temperature influence the tim-
ing of flowering and fruiting in plants (Went 1953; Rathcke 
and Lacey 1985), with warming typically shifting repro-
ductive phenology to earlier flowering dates (Fitter and 
Fitter 2002; Dunne et al. 2003; Parmesan and Yohe 2003; 
Sherry et al. 2007). Whether the same is true in warm tem-
perate regions is less clear.

Studies of understory species in forests are particularly 
lacking. A unique feature of some understory plant species 
is that they are winter active and hence potentially influ-
enced both by summer temperatures and by winter temper-
atures. The effects of winter warming might be very differ-
ent than those of summer warming, as winter temperatures 
in the eastern US have been increasing nearly twice as 
fast as the annual average (Karl et al. 2009). Mean winter 
temperature in the eastern US has increased by 1.5–2.2 °C 
since 1970 (Karl et  al. 2009), and the recent winter of 
2012 was the fourth warmest on record in the contiguous 
US (NOAA 2012). In one of the few cases where a winter-
active species has been studied, warming was reported to 
increase population growth of the orchid Himantoglossum 
hircinum (Pfeifer et al. 2006).

This study examines the effect of experimental warm-
ing on the winter-active terrestrial orchid, Tipularia dis-
color (Pursh) Nutt., in the understory of a temperate forest 
(Duke Forest, NC). T. discolor has a unique wintergreen 
phenological pattern, where leaves emerge in autumn and 
senesce in the spring. Due to its phenology, plants are 
photosynthetically active during periods of low tempera-
ture, low VPD, and relatively high light due to a leafless 
overstory canopy. Previous work has found that the opti-
mal temperature for photosynthesis (Topt) of T. discolor 
is 26 °C, which is over 10 °C higher than maximum tem-
peratures throughout much of its growing season (Tissue 
et al. 1995). Here, we test the hypothesis that experimen-
tal warming of the forest understory will increase growth 
and reproduction in T. discolor. This work was performed 

by actively heating open-top chambers to 1.2–5 °C above 
ambient temperature. As a consequence of heating, mean 
VPD increased by 0.18–0.53 kPa inside the chambers. To 
understand how the temperature response of T. discolor 
might be confounded by simultaneous changes in VPD, 
we also quantified the effect of VPD on orchid physiologi-
cal responses in the field and under controlled laboratory 
conditions. Terrestrial orchids are often the first organisms 
to disappear from disturbed ecosystems and thus serve as 
bioindicators and early warning signs of problems for eco-
system health (Swarts and Dixon 2009). Understanding 
the physiological limits to plant growth and reproduction 
is important for developing conservation strategies for spe-
cies susceptible to population declines as a result of cli-
mate change.

Materials and methods

Study species

The crane-fly orchid, Tipularia discolor (Epidendroideae, 
Calypsoae), is a terrestrial orchid native to eastern North 
America. It occurs from Massachusetts west to Michigan 
and south to Texas and Florida (Brown 1997). The spe-
cies is summer deciduous with leaves emerging in the fall 
(October–November) and senescing in the spring (late 
April). Individual plants typically consist of a single leaf 
and produce a corm at its base, which persists for several 
years (Snow and Whigham 1989). Leaves are commonly 
found in dense clusters, and seemingly distinct plants may 
be genetic clones (Frye 1993). Different genotypes have 
been identified within a single cluster, however, indicating 
genets may intermingle within dense leaf clusters (Smith 
et  al. 2002). Flowering occurs when plants are leafless in 
late July–August, and fruits mature in September–October 
(Whigham and McWethy 1980). Only a single pollinator 
species, a nocturnal moth (Pseudaletia unipuncta, army-
worm), has been identified for T. discolor (Whigham and 
McWethy 1980).

Experimental study site

This study was conducted at an ongoing, long-term warm-
ing experiment in a ca. 80-year-old oak-hickory forest 
stand of Duke Forest (36°2′11″N, 79°4′39″W, 130 m a.s.l.), 
in the piedmont region near Hillsborough, North Caro-
lina (Lynch 2006). The mean annual temperature at Duke 
Forest is 15.5  °C, and the mean annual precipitation is 
1,140  mm. Winter precipitation in North Carolina has 
increased by approximately 0.5  mm  year−1 over the past 
50  years (Boyles and Raman 2003). Climate data for the 
site are available from a nearby weather station (Duke 
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Forest Remote Automatic Weather Station, Orange County, 
NC).

The experimental warming site consists of 15 plots in 
the forest understory: nine are heated, three are unheated 
chamber controls, and three are control plots that lack 
chambers but are equal in surface area to the chambers. 
The octagonal, open-top chambers are 21.7 m3 in volume: 
5  m in diameter with eight walls that are 1.9  m wide by 
1.2  m tall. The chambers are heated by forced air blown 
over hydronic radiators fed by a closed-loop mixture of 
hot water and propylene glycol (antifreeze). The heated air 
is blown into the chambers through 15-cm-diameter plas-
tic plena which hang 45 cm above the ground and run in 
two concentric rings, one 0.8 and the other 1.7 m from the 
chamber walls. Air enters the chambers via two rows of 
2-cm-diameter holes separated by 20 cm along the bottom 
of the plena. Heat delivery to the chambers began in Janu-
ary 2010, and chambers are constantly heated year-round, 
both day and night. The experiment uses a regression 
design of chamber heating, where each chamber is heated 
to a target of 1.5–5.5  °C above ambient temperature with 
0.5 °C increments between chambers. Maintaining precise 
target air temperatures over long time periods is difficult, 
and the assigned treatment levels varied by a small amount 
over time. Despite this imperfection, the use of a regression 
design is useful for revealing potential nonlinearities and 
threshold effects in plant temperature responses. We sam-
pled naturally occurring plants that were present at the site 
before the chambers were installed. Specifically, the study 
species was present in nine of the 15 experimental plots (0, 
0, 0, 1.5, 2, 2.5, 3, 4, 4.5 °C).

Air temperature (two temperature probes per chamber at 
22  cm above ground level), relative humidity (HS-2000V 
capacitive polymer sensor; Precon, Memphis, TN), soil 
moisture (model CS616 TDR probes; Campbell Scientific, 
Logan, UT), and photosynthetically active radiation (PAR; 
model SQ110; Apogee Instruments, Logan, UTA) are 
measured inside each experimental chamber every minute 
and recorded as hourly means by automated data loggers 
(CR1000; Campbell Scientific). To determine how environ-
mental conditions varied among experimental chambers, 
mean daily air temperature, VPD, and relative extractable 
soil water content (REW) were calculated for each cham-
ber. REW was calculated according to the equation:

where θ is the hourly soil water content, θmin is minimum 
soil water content, and θmax is the mean maximum volu-
metric soil water content over the study period. Readings 
from three or four saturating rainfall events per year were 
averaged to determine θmax. To account for soil macropore 
drainage and thus avoid over-estimating θmax, volumet-
ric soil water content from 2  h after the peak θ of each 

REW =
(

θ − θmin

)

/
(

θmax − θmin

)

saturating rainfall event was used. Further details of the 
warming experiment can be found in Pelini et al. (2011).

Growth, reproduction, and phenology

At the beginning of the warming experiment in 2010, there 
were 99 ramets of T. discolor distributed across nine of the 
15 study plots. To increase the sample size of leaves in the 
chamberless control plots (n = 5), an additional 16 leaves 
were measured outside the experimental plots. All leaves 
(n  =  115) were numbered and mapped for relocation in 
subsequent years. Leaf area (A; cm2) of these orchids was 
estimated annually from 2010 to 2012 by measuring leaf 
length (L; mm) and width (W; mm) and using the allomet-
ric equation: A = 1.23 − 0.037L − 0.026W + 0.008LW  
(r2 =  0.998, n =  28). Changes in leaf area within cham-
bers over time were estimated as relative growth rates as 
described by Hoffmann and Poorter (2002).

For 3  years (2010, 2011, 2012) from late July up to 
and including September, the experimental site was vis-
ited weekly to determine the reproductive phenologi-
cal stage of all orchids. The number of flowering stalks, 
flower number per stalk, and fruit number per stalk was 
monitored for each experimental chamber. Flowering and 
fruiting date were determined for each flowering stalk in 
2010 and 2011. Because orchid reproduction was low in 
experimental chambers, orchid flowering and fruiting data 
from all years were combined to increase the sample size 
for analyses. Mean July temperature (for each study year) 
inside the chamber was used to compare different flowering 
responses, because the onset of flowering is correlated to 
mean temperature during the month of flowering for many 
plants (Sparks et al. 2000; Menzel et al. 2006).

Gas exchange physiology

To determine the effect of temperature on biophysical and 
biochemical photosynthetic parameters in T. discolor, the 
response of net CO2 assimilation (An) to varying concen-
trations of intercellular CO2 (Ci) was measured from 1100 
to 1530 hours on 11 March 2011. These An/Ci curves were 
measured on a total of five leaves in control plots (i.e., 
inside two control chambers or the chamberless control 
plot) and a total of five leaves in the warmest chambers 
(i.e., inside +4- or +4.5 °C chambers). Photosynthesis was 
measured using a portable infrared gas analyzer equipped 
with a red–blue light source (LI-6400; LI-COR, Lincoln, 
NE) at chamber temperature (10.2–15.4  °C) and VPD 
(0.48–1 kPa), under saturating PAR (500 μmol m−2  s−1). 
The ambient CO2 (Ca) was lowered stepwise from 400 to 
50 p.p.m. and then increased from 400 to 1,000 p.p.m. with 
a total of 11 points per An/Ci curve. Rates of photosynthesis 
were recorded after 2  min at each Ca. Values of An were 
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corrected for CO2 leakage by subtracting ‘apparent’ photo-
synthesis quantified with photosynthetically inactive leaves 
(n = 5), following Flexas et al. (2007). These leaves were 
thermally killed by immersion in boiling water for 2 min, 
after which no variable fluorescence was detected by a 
PAM-2100 fluorometer (Heinz Walz, Effeltrich, Germany). 
The parameters maximum carboxylation rate (Vcmax), pho-
tosynthetic electron transport rate (J), triose phosphate use 
(TPU), daytime respiration (Rd), and mesophyll conduct-
ance (gm) were estimated at leaf temperature for each curve 
using the Farquhar et al. (1980) model of C3 photosynthe-
sis, as described by Sharkey et  al. (2007). An under satu-
rating CO2 (Amax) was estimated at a CO2 concentration of 
550–1,000 p.p.m.

An was measured under local environmental conditions 
in seven experimental chambers using the LI-6400 on 
8 days throughout 2010–2012 (Table S1). For all measure-
ments, temperature inside the cuvette was set to match the 
chamber treatment, the relative humidity was held ±10 % 
of ambient conditions, and the CO2 concentration was set 
to 400 p.p.m.. Leaves (n = 5 per chamber) were measured 
under a PAR of 100 μmol m−2 s−1 on 12 November 2010, 
10 December 2010, 20 January 2011, and 7 March 2011 
(Table S1). This level of PAR corresponds to measured 
light intensity in November, when the overstory is not yet 
leafless, and is representative of approximately 30  % of 
daily irradiance conditions in the understory from Novem-
ber to March. Leaves were also measured under saturating 
PAR (450–500  μmol  m−2  s−1) on 18 February 2011, 24 
March 2011, 6 March 2012, and 13 December 2012 (Table 
S1). All measurements were made on clear days between 
1000 and 1530 hours, and chamber sampling order was 
randomized across days. Temperature changes throughout 
the day affected the maximum and minimum achievable 
leaf temperature during measurement, so the daily range of 
temperatures varied across sampling dates (Table S1). Gas 
exchange was recorded for a period of 4 min after condi-
tions inside the cuvette stabilized (usually 1–2  min) and 
then averaged to determine An for each leaf. Because open-
top chambers can cause microclimate changes that might 
affect gas exchange physiology in T. discolor, we tested for 
a chamber effect on mean An and gs. We found no differ-
ence in mean An (t11 = 1.976, P = 0.074) or gs (t11 = 1.626, 
P = 0.132) of T. discolor in control chambers, relative to 
orchids in chamberless experimental plots (Fig. S1).

The relationship between VPD and stomatal conduct-
ance (gs) was determined under a series of leaf-to-air VPD 
values (VPDleaf; 0.4–2.6  kPa) for six orchid leaves using 
the LI-6400 at saturating photosynthetic photon flux den-
sity  (500  μmol  m−2  s−1) and Ca (400  p.p.m.). In Febru-
ary–March 2011, three gs–VPDleaf curves were measured 
on leaves in control chambers (Tleaf  =  12–18  °C), and 
three curves were measured on leaves in heated chambers 

(Tleaf =  19–22  °C). The VPD inside the cuvette was var-
ied by adjusting the flow rate and proportion of air pass-
ing through a desiccant (calcium sulfate). The VPDleaf 
was increased stepwise from the lowest value obtainable 
under field conditions, 0.4–1.1 kPa, to a maximum VPDleaf 
of 1.2–2.6  kPa, with a total of 6–8 points per gs–VPDleaf 
curve. Rates of gs were recorded after 5–10  min at each 
VPDleaf. The stomatal sensitivity (m) of T. discolor was cal-
culated using the approach described by Oren et al. (1999):

where m is equal to the slope of the relationship between 
gs and ln(VPDleaf) and b is a reference conductance at 
VPDleaf = 1 kPa.

Temperature curves

A laboratory experiment was conducted on 14–21 Janu-
ary 2013 to isolate the effect of temperature from the effect 
of VPD on photosynthesis. Plants (n = 5) were excavated 
from the study site with roots undisturbed in native soil 
and transported to the laboratory for gas exchange meas-
urements, which were completed within a week of exca-
vation. Plants were maintained under fluorescent light 
in the laboratory at 25  °C and may have partially accli-
mated to this higher temperature (Berry and Björkman 
1980; Yamasaki et  al. 2002). Our primary goal was to 
not to determine Topt, however, but to compare the An–T 
response under conditions of constant VPDleaf to the pre-
viously reported An–T response when VPDleaf was allowed 
to covary with temperature (Tissue et al. 1995). The tem-
perature dependence of An was analyzed under a series of 
leaf temperatures (10–30 °C) at Ca (400 p.p.m.), under both 
low light (PAR = 100 μmol m−2 s−1) and saturating PAR 
(500 μmol m−2  s−1). Measurements were made using the 
LI-6400 equipped with an expanded temperature control 
kit (6400-88; LI-COR), which consists of two metal blocks 
with circulating water channels connected to a water bath 
to heat or cool the cuvette. The VPD inside the cuvette was 
held constant (1.0–1.3 kPa) during the temperature curves 
by adjusting the flow rate and proportion of air passing 
through a desiccant. Steady-state rates of photosynthesis 
were reached after 20–30 min at each temperature. Photo-
synthesis–temperature response curves were fitted to deter-
mine Topt using a quadratic polynomial equation.

Foliar C isotope ratios

C isotope ratios (δ13C) of plant leaves provide a time-
integrated measure of the ratio of Ci to atmospheric CO2 
concentration (ci/ca), which is dependent on seasonal regu-
lation of stomata and photosynthetic demand for CO2 (Far-
quhar et  al. 1989; Ehleringer 1991). Leaves (n =  5–6) of 

gs = −m · ln (VPDleaf) + b
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T. discolor were collected from the experimental chambers 
on 24 March 2011 and 3 April 2012 for C isotope analy-
ses. Leaves were oven-dried at 70 °C and ground to a fine 
powder in liquid N. When necessary, two leaves were 
pooled to ensure adequate tissue was available for analy-
sis. The δ13C of foliar tissue was analyzed with an elemen-
tal analyzer (model 1110; Carla Erba, Milan) coupled to a 
Thermo-Finnigan Delta Plus gas isotope mass spectrometer 
(Bremen, Germany) at the Stable Isotope Mass Spectrom-
etry Laboratory (Kansas State University, Manhattan, KS). 
Values of δ13C were calculated according to standard δ 
notation:

where R is the ratio of the heavy isotope (13C) to the lighter 
isotope (12C). The standard was belemnite carbonate from 
the Pee Dee formation, South Carolina, and the precision of 
the δ13C measurements was ±0.15 ‰.

Statistical analyses

Seasonal differences in VPD among the experimental 
chambers were analyzed with two-way ANOVAs. The 
effects of warming on environmental conditions in the 
experimental chambers (VPD, REW), relative growth rate, 
foliar δ13C, and orchid reproductive fitness (total flower-
ing stalks per leaf, flowers per stalk, fruits per stalk) were 
analyzed with least squares regression, as appropriate for 
the experimental design. Differences in biophysical and 
biochemical photosynthetic parameters between heated and 
control chambers were determined using a Student’s t-test. 
One-way ANOVAs were used to determine if there were 
differences in flowering and fruiting phenology between 
heated and control plots. A generalized linear model was 
used to test for the effect of July temperature on total flow-
ering stalks per leaf. All analyses were performed using 
JMP 9.0 (SAS Institute, Cary, NC).

Results

The temperate forest understory inside experimental open-
top chambers in Duke Forest was warmed by a mean of 
1.2–5  °C, relative to control chambers, during the study 
period (2010–2012). This level of warming corresponds 
well to expectations of temperature increases for the US 
over the next century, which ranges from 2 to 6  °C (Karl 
et al. 2009). Heating did not significantly affect the REW 
of soil in the experimental chambers over the study period 
(F1,11 = 3.19, P = 0.104).

As a direct effect of temperature manipulation, VPD 
was also significantly higher inside the heated chambers 
and ranged from a mean of 0.18–0.53 kPa above controls 

δ =
(

Rsample/Rstandard − 1
)

1, 000 0/00

(F1,11  =  40.79, P  <  0.0001). This effect closely matched 
the increase expected due to heating of ambient air without 
any addition of water vapor (Fig. S2a). The effect of warm-
ing on VPD was greater in summer (June–August) than in 
winter (December–February) both years (F1,11  ≥  100.55, 
P  <  0.0001; Fig. S2b), as expected from the curvilin-
ear relationship between temperature and the saturated 
vapor pressure of air (esat). Mean daily summer VPD was 
0.85  ±  0.03  kPa above controls in the hottest chamber, 
compared to an increase of 0.26 ± 0.02 kPa in mean daily 
winter VPD. This difference mirrors the climatic difference 
in the temperature–VPD relationship between summer and 
winter seasons in Duke Forest over the last 12 years (Fig. 
S2c), where the range in mean monthly VPD is larger in 
the summer than the winter. Mean daytime VPD in Duke 
Forest in winter was rarely higher than 1.5 kPa throughout 
the study period, whereas mean daytime VPD is frequently 
higher in summer and can reach values over 2.5 kPa (data 
not shown).

Temperature had a significant negative effect on the 
number of flowering stalks produced per individual 
(r2  =  0.34, P  =  0.024), the number of flowers per stalk 
(r2 = 0.76, P < 0.001), and the number of fruits per stalk 
(r2 = 0.66, P = 0.027) in 2010–2012 (Fig. 1). Mean July 
temperature had a significant negative effect on the propor-
tion of individuals producing flowering stalks (χ2

1  = 6.72, 
P = 0.010). Only individuals at +0 and +1.2 °C produced 
flowers that developed into fruits in 2010–2011, whereas 
flowering stalks aborted before any flowers or fruits were 
produced for orchids growing in chambers heated above 
+3.0 °C. In the +2.5 °C chamber, flowers were produced 
on one flowering stalk in 2010 and 2011, but the flowers 
died without producing fruits in both years. Only one indi-
vidual flowered in the heated chambers in 2010, so it was 
not possible to analyze the effect of temperature on flower-
ing time in that year. In 2011, warming of 1.2 °C signifi-
cantly delayed the onset of flowering in T. discolor by an 
average of 10 days (F1,15 = 39.97, P < 0.0001) and fruiting 
by an average of 5 days (F1,10 = 5.73, P = 0.040, Fig. S4). 
A power failure caused chamber heating to fail from 11 
to 24 July 2012, which restricted warming to a maximum 
of +2.1  °C and provided the opportunity to better under-
stand the importance of July temperature on flowering in T. 
discolor. Loss of heating at this critical time for flowering 
doubled the number of flowering stalks in the chambers (24 
in 2012 vs. 12 in 2010 and 2011) and increased the mean 
number of flowers per stalk (26 in 2012 vs. 11 in 2010, 12 
in 2011; F1,47 = 7.92, P = 0.001).

Increases in total leaf area of T. discolor were observed 
in all chambers from 2010 to 2012, due to increases in 
leaf number and/or leaf size (depending on the chamber). 
Contrary to our hypothesis, chamber temperature was 
negatively correlated to relative growth rate of T. discolor 
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(r2 = 0.51, P = 0.031; Fig. 2). Warming of 4.4 °C reduced 
relative growth rates by about 60 %. There was no differ-
ence between relative growth rates in the two control cham-
bers and chamberless experimental plots (0.41 and 0.34 vs. 
0.40 cm2 cm−2 yr−1).

Experimental warming significantly increased biochemi-
cal photosynthetic rates in T. discolor (Table  1; Fig. S3). 
Higher growth temperatures resulted in a 1.4- to 1.7-fold 
increase in mean Vcmax (t9 = 3.96, P = 0.004), J (t9 = 5.49, 
P  =  0.001), and TPU (t9  =  10.77, P  <  0.0001), but did 
not affect Rd (t9  =  0.64, P  =  0.541) or gm (t9  =  1.27, 
P  =  0.240; Table S2). As a result, mean Amax was sig-
nificantly higher in the heated chambers than in the con-
trol chambers (10.8 vs. 7.4  μmol  m−2  s−1, respectively, 

t9 = 6.39, P = 0.0002; Table 1). Maximum in situ An was 
4.3–5.6  μmol  CO2  m−2  s−1 and occurred at a tempera-
ture of 12  °C under low light conditions (Fig. 3a). Under 
saturating light, maximum in situ An was 8.2–11.0  μmol 
CO2  m−2  s−1 and occurred at a temperature of 16.9  °C 
(Fig.  3a). While the peak temperature for An differed by 
about 5  °C between high and low irradiance levels under 
field conditions, the decline in An at high temperatures 
was observed at similar values of VPDleaf (1.3 kPa). When 
VPDleaf was held constant in laboratory measurements, 
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ering stalks per leaf (y = −0.047x + 1.45, r2 = 0.34, P = 0.024), b 
mean flowers per stalk (y = −8.39x + 248.38, r2 = 0.76, P < 0.001), 
and c mean fruits per stalk [ln(y)  =  −1.59x  +  42.84, r2  =  0.66, 
P =  0.027] for each experimental chamber containing reproductive 
individuals (n =  1–8) of Tipularia discolor in 2010–2012. A power 
failure prevented chamber heating from 11 to 24 July 2012, so mean 
July temperatures in 2012 are lower than in 2010 and 2011. Relation-
ships are fit using linear regression, except for c which was fit using 
a two-parameter exponential function. In c, the linear regression was 
also significant (y = −2.32x + 66.73, r2 = 0.54, P = 0.006)
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Table 1   The effect of temperature on mean values (±SE) of the pho-
tosynthetic rate under saturating light (Asat), maximum photosynthetic 
rate (Amax), maximum carboxylation rate (Vcmax), rate of photosyn-
thetic electron transport (J), triose phosphate use (TPU), daytime res-
piration (Rd), and mesophyll conductance (gm) in Tipularia discolor

Data were obtained from T. discolor leaves (n  =  5 per treat-
ment) in experimental chambers at Duke Forest, North Carolina 
on 11 March 2011. Leaves were measured under saturating light 
(500  μmol  m−2  s−1) and constant leaf-to-air vapor pressure deficit 
(0.5–1  kPa). Means connected by different letters are significantly 
different (Student’s t-test, P < 0.05)

Parameter Control  
(10.2–12.2 °C)

Heated  
(13.9–15.4 °C)

Asat (μmol m−2 s−1) 7.6 (0.5) a 9.0 (0.6) a

Amax (μmol m−2 s−1) 7.4 (0.4) a 10.8 (0.4) b

Vcmax (μmol m−2 s−1) 16.8 (1.8) a 28.6 (2.4) b

J (μmol m−2 s−1) 42.0 (2.5) a 57.4 (1.3) b

TPU (μmol m−2 s−1) 2.7 (0.1) a 3.9 (0.04) b

Rd (μmol m−2 s−1) 0.6 (0.1) a 0.7 (0.2) a

gm (μmol m−2 s−1 Pa−1) 1.8 (0.4) a 1.2 (0.2) a
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there was a decline in An above the Topt of 19.1 °C under 
low light and 19.8 °C under saturating light (Fig. 3b). Irra-
diance did not significantly affect Topt in T. discolor under 
laboratory conditions (t9 = 0.73, P = 0.489).

The effect of experimental warming on in situ rates of 
photosynthesis was dependent on VPDleaf. When leaves 
were measured under constant temperature but varying 
VPDleaf, An was negatively correlated with gs in five of 
six leaves (r2  ≥  0.81, P  ≤  0.006; Fig.  4). In T. discolor, 
gs was highly sensitive to VPDleaf (r

2 = 0.63, P < 0.0001; 
Fig. 5a). In situ gs varied significantly with sampling date 
(F8,256 = 37.24, P < 0.0001), and the range of gs was lower 
for orchids in heated chambers than for those in control 
chambers (1–198 vs. 13–240 mmol m−2 s−1; Fig. 5b). The 
critical threshold for gs in T. discolor is 1.3  kPa, because 
gs was restricted to 10–40  % of maximum conductance 
at VPDleaf greater than 1.3  kPa (Fig.  5b). Over the study 
period of 2010–2012, there was a positive correlation 
between mean daily VPD and the C isotope ratios of T. dis-
color leaves (r2 = 0.40, P = 0.037, Fig. 6). Differences in 
mean δ13C ranged from −30.4 ‰ in a control chamber to 
−27.6 ‰ in a chamber maintained at 3.9 °C above ambient.

Discussion

Experimentally increased temperature had a negative effect 
on reproduction (Fig.  1) and growth (Fig.  2) of the tem-
perate terrestrial orchid, T. discolor. Our results show that 
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reproductive failure is likely to strongly limit the success 
of this species as climate warms in the future. Experimental 
warming of 2.5 °C resulted in a complete failure to produce 
fruits (Fig. 1c). The decline in growth rate of orchids with 
increasing temperature (Fig.  2) will likely have a smaller 
effect on species success, considering that growth rates 
were positive under all treatments. It is important to note 
that the experimental chambers excluded large herbivores 
(i.e., deer), however. Artificial defoliation has been shown 
to have negative effects on carbohydrate reserves in T. dis-
color (Zimmerman and Whigham 1992), indicating that 
exclusion of herbivory contributed to the positive growth 
rates in our study. Disproportionate effects of warming on 
reproduction, relative to growth, are consistent with the 
finding that artificial reduction of orchid storage organs 
reduces flowering more than growth (Zimmerman 1990). 
Persistence of T. discolor will become increasingly depend-
ent on vegetative growth of established clones, rather than 
sexual reproduction, especially along the southern edge of 
its range.

Although photosynthesis of T. discolor occurs only in 
winter, flowering occurs in late summer when plants are 
leafless. At ambient temperatures this species produced 
an average of 30.8  ±  1.2 flowers and 10.7  ±  1.0 fruits 
per plant (n  =  24), similar to observations by Snow and 
Whigham (1989). With warming of 1.2–2.6 °C, reproduc-
tion was drastically reduced to a mean of 11.5–20 flowers 
per plant and from zero to 0.3 fruits per plant (Fig. 1). We 
observed the formation of flowering stalks in chambers 
warmed by >3  °C, but these elongating stalks and floral 

buds quickly senesced and died before any flowers were 
produced. The cost of fruit production is double the cost 
of producing an inflorescence in T. discolor (Snow and 
Whigham 1989), so the larger reduction in fruit production 
in this experiment may be indicative of C limitation. Car-
bohydrate content of corms is an important determinant of 
flowering in T. discolor (Zimmerman and Whigham 1992), 
but temperature can also directly affect flowering in orchids 
(Blanchard and Runkle 2006). Exposure to 29 °C for 8 h or 
longer inhibits flowering in several Phaleonopsis hybrids 
(Newton and Runkle 2009). Thus, the elimination of repro-
duction in this experiment could be caused directly by a 
temperature effect on signaling pathways (Posé et al. 2013) 
or indirectly by a reduction in carbohydrate storage (Zim-
merman and Whigham 1992) or both.

This response of orchid reproduction to a few degrees 
of warming is consistent with the current distribution of T. 
discolor in the eastern US. The southern limit of the spe-
cies distribution is northern Florida (FL3 climate division), 
where mean July temperature is 2.3  °C warmer than the 
study site [NC4 climate division (Lawrimore et al. 2011)]. 
T. discolor is currently listed as threatened in Florida (Coile 
and Garland 2003), and the species will become increas-
ingly rare as reproduction becomes inhibited by warming 
within this century. It has been recognized that conserva-
tion of orchid species may require translocation of propa-
gated individuals to favorable sites (Swarts and Dixon 
2009). Our results indicate that locations for successful 
reproduction of T. discolor must have a mean July tempera-
ture below 29 °C (Fig. 1). It is likely that June temperature 
also affects flowering in T. discolor, since the flowering 
response to warming differed between years with similar 
mean July temperatures (2010 and 2011; Fig. 1).

Warming effects on reproductive phenology

Experimental warming of 1.2 °C delayed the onset of flow-
ering in T. discolor by 10  days and delayed fruiting by 
5  days (Fig. S4). While many species flower earlier with 
warming (Fitter and Fitter 2002; Dunne et al. 2003; Parme-
san and Yohe 2003), including most terrestrial orchids (Mol-
nar et al. 2012), other species show no response to warming 
(Bradley et al. 1999) or delays in flowering (Hollister et al. 
2005; Sherry et al. 2007; Yu et al. 2010; Dorji et al. 2013). 
Delayed phenology may be related to timing of reproduc-
tion in species that flower after the peak summer tempera-
ture (Sherry et al. 2007), as is the case for T. discolor. While 
warming in the spring increases the developmental rates of 
plants, warming in mid-summer can exceed optimal temper-
atures for reproduction and suspend reproductive develop-
ment (Sherry et al. 2007), as observed here.

Speculations on possible disruptions of plant–pollina-
tor interactions due to climate change are frequent in the 
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literature (Parmesan 2006; Hegland et  al. 2009). Could 
delayed flowering of T. discolor in the future cause a tem-
poral mismatch with its pollinator, P. unipuncta? Pollina-
tion of T. discolor is important for maintaining the orchid 
population, as selfing is thought to be rare in this species 
(Whigham and McWethy 1980; Snow and Whigham 1989). 
It is not likely that T. discolor could easily switch from one 
mutualist partner to another, because there are few pollina-
tor species active while this orchid is flowering (Whigham 
and McWethy 1980). The upper temperature limit for sur-
vival of P. unipuncta is 31 °C (Guppy 1969), and high tem-
peratures are thought to limit populations of P. unipuncta in 
the southern US (Callahan and Chapin 1960; McLaughlin 
1962). Since the upper temperature limit for flowering in T. 
discolor is 29 °C (Fig. 1), global warming can be predicted 
to restrict T. discolor before it restricts P. unipuncta. No 
mismatch in the plant–pollinator relationship should occur 
as long as the phenological responses to warming in both 
species shift linearly and at parallel magnitudes (Hegland 
et  al. 2009). Further research is required to determine the 
likelihood of a future plant–pollinator mismatch between T. 
discolor and P. unipuncta.

Warming effects on the C balance of winter‑active species

Warming caused a decline in relative growth rate of T. 
discolor (Fig.  2), which is contrary to the temperature 
response observed in most species (Arft et al. 1999; Rustad 
et  al. 2001; Wu et  al. 2011) and is particularly surprising 
considering that this species is photosynthetically active 
only in winter, when temperatures are usually well below 
the optimum for photosynthesis. Specifically, maximum 
An was observed at 26 °C in a previous study (Tissue et al. 
1995) and at 19–20 °C in this study (Fig. 3b), both of which 
are higher than maximum daytime air temperatures on 130 
of the 180 days from November 2010 to April 2011. If we 
consider only the direct effects of temperature on assimi-
lation, warming should substantially enhance C gain in T. 
discolor, since orchids in heated chambers had higher bio-
chemical rates of photosynthesis (e.g., Vcmax, J, TPU) than 
in control chambers (Table  1; Fig. S3). Clearly, the opti-
mum temperature for photosynthesis was higher than the 
optimum temperature for growth of T. discolor in our study. 
This decoupling has not been well recognized, although it 
has also been found in other C3 species with low growth 
temperatures (Yamori et al. 2014).

Most evergreen and summer-active species, including 
deciduous trees, coniferous trees, shrubs, and herbaceous 
plants, acclimate to maintain high C uptake across a range 
of growth temperatures (Kattge and Knorr 2007; Smith 
and Dukes 2013). The resulting shift in the Topt is gener-
ally less than one half of the shift in growth temperature 
(Berry and Björkman 1980; Skillman 1994), though at least 

one winter-active species, the orchid Aplectrum hyemale, 
exhibits a large shift in Topt of about 15 °C throughout its 
growing season (Adams 1970). Unlike these species, T. 
discolor had no detectable acclimation of photosynthesis 
to seasonal fluctuations in temperature in an earlier study 
(Tissue et  al. 1995). Other species with little or no tem-
perature acclimation tend to be spring ephemeral species 
(Lapointe 2001), which can have optimal growth rates at 
cold, rather than warm temperatures (Lapointe and Lerat 
2006; Badri et  al. 2007; Bernatchez and Lapointe 2012). 
The inability of such cold-adapted species to balance the 
ratio of net C assimilation to dark respiration (An/R) across 
different growth temperatures may prevent maintenance of 
C homeostasis as climate warms in the future (Atkin et al. 
2006; Way and Sage 2008; Gandin et al. 2011).

Changes in photosynthesis, respiration, stomatal pro-
cesses, and carbohydrate storage with warming are central 
to understanding why temperature decreased growth of T. 
discolor in heated chambers (Fig.  2). Respiration gener-
ally doubles for every 10 °C increase in temperature (i.e., 
Q10 ≈ 2.0) in the absence of acclimation (Atkin and Tjoel-
ker 2003), which would have negative effects on C balance. 
We found no increase in Rd of heated leaves relative to 
control leaves (Table 1), suggesting acclimation of respira-
tion, which commonly occurs and leads to homeostasis of 
plant C balance (Atkin and Tjoelker 2003). Admittedly, the 
temperature response of Rd may not be equivalent to that 
of nighttime respiration (Atkin et al. 2000; Way and Sage 
2008) or to respiration of corms, so warming could have 
increased respiration of orchids in this experiment.

Although warmer temperatures had positive direct effects 
on C assimilation of T. discolor (Table 1; Fig. S3), this is 
counteracted by the response of stomata to atmospheric 
VPD (Figs.  4, 5, 6), which reduces or negates these ben-
efits. It is well established that gs decreases exponentially 
with increasing VPD (Monteith 1995; Oren et  al. 1999), 
and reductions in gs as a function of higher VPD at higher 
temperature are expected (Duursma et  al. 2013). Here, 
we found that the stomata of T. discolor were more sensi-
tive to VPD than the stomata of most mesic species (Oren 
et  al. 1999). The slope of the gs–VPD relationship for T. 
discolor was −0.95 (Fig.  5a), whereas the mean slope of 
this relationship is consistently −0.6 for mesic forest spe-
cies (Oren et al. 1999). This is particularly relevant to this 
study because VPD was significantly elevated by the warm-
ing treatments (Fig. S2a), causing sufficient declines in gs to 
substantially reduce An (Figs. 3a, 4) and cause a downward 
shift in the Topt of T. discolor, at least under some condi-
tions. The greater stomatal limitation of photosynthesis in 
heated chambers was further supported by the higher δ13C 
of leaves, compared to orchids in control chambers (Fig. 6).

Although stomatal response to VPD contributed a nega-
tive effect on plant C balance in the heated chambers, other 
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factors may also have contributed to the decline in growth 
of T. discolor with warming (Fig.  2). Work with spring 
ephemeral species indicates that reduced growth under 
warmer temperatures can be controlled by source–sink 
imbalances, where faster starch accumulation and smaller 
sink capacity leads to early saturation of the storage organ 
(i.e., bulb), causing soluble sugars to accumulate in the leaf 
and induce leaf senescence before the bulb has grown to 
full size (Gandin et al. 2011). As in spring ephemerals, the 
majority of the biomass in T. discolor is allocated to below-
ground storage in corms (Whigham 1984) that provide 
carbohydrates to support leaf formation and reproduction 
(Zimmerman and Whigham 1992; Tissue et  al. 1995). If 
carbohydrate accumulation increased in orchid corms with 
warming, a similar mechanism may have contributed to our 
observations. High carbohydrate accumulation is not likely, 
however, given the negative effect of stomatal responses 
(Figs.  4, 5, 6) and possibly increased respiration on plant 
C balance. We also observed that leaf senescence occurred 
later in heated leaves than in control leaves (Marchin, 
unpublished data). Rather, the reduced growth of orchids 
observed here suggests that higher temperature and VPD 
resulted in lower carbohydrate accumulation in corms. Car-
bohydrate reserves in corms are known to affect the size 
of T. discolor leaves formed in autumn, where experimen-
tal reductions in corm mass by about 30  % significantly 
decreased leaf size relative to unmanipulated plants (Zim-
merman and Whigham 1992).

Growth of terrestrial orchids is sensitive to changes 
in soil moisture (Liu et  al. 2010), but it appears that this 
did not substantially contribute to the warming effects we 
observed. Higher temperature and VPD results in greater 
evaporation of water from soils, but there was no detect-
able effect of warming on REW in this study. We did not 
measure predawn leaf water potential of any T. discolor 
leaves, but measurements of predawn leaf water potential 
of tree seedlings did not reveal any difference in soil water 
potential among chambers in the summer (Marchin 2013). 
These results are not surprising, because soil evaporation 
accounts for only 10 % of water losses in this system (Oishi 
et  al. 2008). The water budget is dominated by transpira-
tion of the canopy, which was not exposed to the warming 
treatment.

Increases in VPD tend to accompany increases in tempera-
ture (Day 2000; Will et al. 2013), so the two parameters are 
often confounded in natural and experimental systems. For 
example, warming of 1.2–5 °C in this experiment was accom-
panied by a concurrent increase in VPD of 0.18–0.53  kPa, 
which closely followed expected vapor pressure changes due 
to heating based on the relationship between temperature 
and esat (Fig. S2a). Our results emphasize the importance of 
explicitly accounting for changes in VPD when estimating 
temperature responses of plant species under future warming 

scenarios. If relative humidity remains fairly constant in the 
future (e.g., Trenberth et al. 2005), atmospheric VPD in mesic 
forests will increase with global warming. In such a scenario 
or in any scenario in which precipitation decreases, climate 
change will likely have a negative impact on this species, and 
perhaps other winter-active species where the Topt of photo-
synthesis is not a good predictor of plant responses to warm-
ing. Increased atmospheric CO2 concentrations may at least 
partially offset growth reductions in T. discolor, as photosyn-
thesis of T. discolor is not CO2 saturated at current atmos-
pheric CO2 concentrations (Fig. S3).
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