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Abstract
1.	 Nocturnal transpiration can impact water balance from the local community to 
earth-atmosphere fluxes. However, the dynamics and drivers of nocturnal tran-
spiration among coexisting plant functional groups in herbaceous ecosystems are 
unknown.

2.	 Here, we addressed the following questions: (1) How do nocturnal (Enight) and di-
urnal (Eday) transpiration vary among coexisting grasses, forbs, and shrubs in a 
tallgrass prairie? (2) What environmental variables drive Enight and do these differ 
from the drivers of Eday? (3) Is Enight associated with daytime physiological 
processes?

3.	 We measured diurnal and nocturnal leaf gas exchange on perennial grass, forb and 
woody species in a North American tallgrass prairie. Measurements were made 
periodically across two growing seasons (May–August 2014–2015) on three C4 
grasses (Andropogon gerardii, Sorghastrum nutans and Panicum virgatum), two C3 
forbs (Vernonia baldwinii and Solidago canadensis), one C3 sub-shrub (Amorpha ca-
nescens) and two C3 shrubs (Cornus drummondii and Rhus glabra).

4.	 By extending our study to multiple functional groups, we were able to make sev-
eral key observations: (1) Enight was variable among co-occurring plant functional 
groups, with the highest rates occurring in C4 grasses, (2) Enight and Eday exhibited 
different responses to vapour pressure deficit and other environmental drivers, 
and (3) rates of Enight were strongly related to predawn leaf water potential for 
grasses and woody species, and were likely modulated by small-scale changes in 
soil moisture availability.

5.	 Our results provide novel insight into an often-overlooked portion of ecosystem 
water balance. Considering the high rates of Enight observed in C4 grasses, as well 
as the widespread global occurrence of C4 grasses, nocturnal water loss might 
constitute a greater proportion of global evapotranspiration than previously esti-
mated. Additionally, future predictions of nocturnal water loss may be compli-
cated by stomatal behaviour that differs between the day and at night. Finally, 
these data suggest a water-use strategy by C4 grasses wherein the high rates of 
Enight occurring during wet periods may confer a competitive advantage to maxi-
mize resource consumption during periods of greater availability.
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1  | INTRODUC TION

The conventional notion that plants close their stomata at night to 
minimize water loss during periods without carbon gain reinforces an 
optimized efficiency perspective of gas exchange dynamics (Buckley, 
Farquhar, & Mott, 1999; Cowan & Farquhar, 1977). However, re-
search over the last decade has shown that nocturnal transpiration 
is neither rare nor a passive process reflecting incomplete stoma-
tal closure, and can contribute significantly to total plant water use 
(Dawson et al., 2007). In fact, nocturnal water loss typically ranges 
between 5% and 15% of daytime transpiration rates (Caird, Richards, 
& Donovan, 2007), accounting for 69% of total transpiration in cer-
tain species (Forster, 2014). Substantial nighttime transpiration has 
been observed in many ecosystem types (Caird et al., 2007), includ-
ing temperate forests (Barbour et al., 2005; Daley & Phillips, 2006; 
Zeppel, Tissue, Taylor, Macinnis-Ng, & Eamus, 2010), tropical mon-
tane cloud forests (Alvarado-Barrientos et al., 2015), deserts (Ogle 
et al., 2012; Snyder, Richards, & Donovan, 2003), tropical savannas 
(Bucci et al., 2004; Domec et al., 2006) and tropical rainforests 
(Wallace & McJannet, 2010). Considering the widespread occur-
rence of this phenomenon, nocturnal transpiration is likely a signif-
icant component of global-scale evapotranspiration (Resco de Dios 
et al., 2015; Zeppel, Lewis, Phillips, & Tissue, 2014).

Despite the widespread observation of this phenomenon, noc-
turnal transpiration studies have typically focused on woody plants, 
with only a few species measured within each ecosystem (Barbeta, 
Ogaya, & Peñuelas, 2012; Buckley, Turnbull, Pfautsch, & Adams, 
2011; Daley & Phillips, 2006; Kavanagh, Pangle, & Schotzko, 2007; 
Zeppel et al., 2010) or with multiple species measured across eco-
systems (Dawson et al., 2007). Nocturnal transpiration is rarely mea-
sured in herbaceous species, small shrubs, or subdominant species, 
particularly within the same community (but see Ogle et al., 2012; 
Snyder et al., 2003). However, if patterns and rates of nocturnal 
transpiration vary among co-occurring species, this additional water 
loss may differentially affect species within the community and alter 
ecosystem water balance beyond estimates of daytime evapotrans-
piration only.

Improved estimates of ecosystem and global water balance re-
quire detail on the mechanistic controls over nocturnal transpira-
tion. Given that nocturnal transpiration is dynamic in species over 
time, what are the drivers of nocturnal water loss and do these driv-
ers differ from those of daytime transpiration? High rates of noc-
turnal transpiration are often attributed to high nocturnal VPD or 
high soil moisture content (Alvarado-Barrientos et al., 2015; Dawson 
et al., 2007; Forster, 2014; Fuentes, Mahadevan, Bonada, Skewes, 
& Cox, 2013; Phillips, Lewis, Logan, & Tissue, 2010; Zeppel et al., 
2010); however, some studies have reported no response of noc-
turnal transpiration to VPD (Barbour et al., 2005; Resco de Dios 
et al., 2015) or a negative relationship between nocturnal transpi-
ration and VPD (Barbour & Buckley, 2007). Other studies suggest 
that interactions among environmental drivers, carry-over effects 
from daytime processes, or endogenous circadian rhythm may mod-
ulate nocturnal transpiration to a greater extent than individual 

environmental variables (Resco de Dios et al., 2013, 2015). As these 
examples illustrate, there is no general consensus about what mech-
anisms control nocturnal transpiration. Mesic grasslands provide 
an ideal environment to test multiple, potentially interacting driv-
ers of nocturnal transpiration given the range of variation in eco-
physiological responses to environmental factors that can exist at 
small spatial scales (Asbjornsen, Shepherd, Helmers, & Mora, 2008; 
Klodd, Nippert, Ratajczak, Waring, & Phoenix, 2016; Nippert & 
Knapp, 2007a; Ocheltree, Nippert, & Prasad, 2013; Tucker, Craine, 
& Nippert, 2011). The high species richness of mesic grasslands ac-
commodates comparisons among a wide range of species and plant 
functional groups within the same ecosystem.

Here, we measured nocturnal transpiration in a tallgrass prairie, 
located within the Great Plains of central North America. Previous 
studies have documented the occurrence of nocturnal water loss 
for several species within this system (Muench, O’Keefe, & Nippert, 
2016; O’Keefe & Nippert, 2017b) but to date we lack mechanistic 
insight as well as high frequency sampling for multi-species com-
munity assemblages. Using leaf-level measurements of diel gas ex-
change, we addressed three primary questions: (1) How do nocturnal 
and diurnal transpiration vary among coexisting grasses, forbs, and 
shrubs in a tallgrass prairie? (2) What environmental variables drive 
nocturnal transpiration and do these differ from the drivers of day-
time transpiration? (3) Are nocturnal transpiration and stomatal 
conductance associated with daytime physiological processes? We 
hypothesized that (1) nocturnal transpiration will occur among co-
existing plant functional types including grasses, forbs, and shrubs, 
and will be greatest in species that have high daytime transpiration 
rates; (2) nocturnal and diurnal transpiration will both exhibit pos-
itive relationships with VPD and soil moisture; (3) Higher rates of 
nocturnal transpiration and stomatal conductance will be associated 
with higher photosynthetic rates, as has been suggested by other 
studies (Fuentes et al., 2013; Resco de Dios et al., 2015).

2  | MATERIAL S AND METHODS

2.1 | Study location

This research was conducted in 2014 and 2015 at the Konza Prairie 
Biological Station (KPBS), a Long Term Ecological Research (LTER) 
site located in the Flint Hills region of northeastern Kansas, USA 
(39.1°N, 96.9°W). KPBS is a 3,487-ha native tallgrass prairie that is 
divided into experimental watersheds, each of which receive varying 
combinations of grazing (grazed by Bison bison, cattle or ungrazed) 
and prescribed fire (burned every 1, 2, 4 or 20 years) treatments. 
Long-term weathering has created a topographically heterogeneous 
landscape consisting of shallow, rocky uplands, steep slopes, and 
lowlands with deep loess soils. KPBS is dominated by a few perennial 
C4 grass species along with numerous subdominant C3 grass, forb, 
and woody species (Smith & Knapp, 2003).

The Flint Hills region of Kansas experiences a mid-continental 
climate, characterized by cool, wet winters and warm, dry summers. 
Long-term mean annual precipitation at KPBS is 829 mm (1982–2014), 
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with 79% occurring during the growing season (April–September). 
Precipitation was 706 mm in 2014 and 1002 mm in 2015 (68% and 
75% of which occurred during each respective growing season). The 
warmest average month of the year is July (1982–2014), with mean 
maximum and minimum air temperatures of 32.69 and 19.78°C re-
spectively. The coldest average month is January (1982–2014), with 
mean maximum and minimum air temperatures of 4.87 and −7.14°C. 
The mean maximum and minimum air temperatures for July 2014 
were 31.7 and 17.06°C respectively. The mean maximum and mini-
mum air temperatures for July 2015 were 32.02 and 20.67°C.

2.2 | Experimental design

This study was conducted in a lowland topographic location within 
an ungrazed watershed that is burned every 4 years (last burned 
in 2013). A 4-year fire interval is similar to the historic frequency 
of fire for the region (Frost, 1998) and results in a landscape char-
acterized by greater forb and shrub diversity than annually burned 
prairie (Collins & Calabrese, 2012; Koerner & Collins, 2014). We 
sampled commonly occurring species at KPBS including three 
dominant C4 grasses (Andropogon gerardii Vitman, big bluestem; 
Panicum virgatum L., switchgrass; Sorghastrum nutans (L.) Nash., 
Indiangrass), two C3 forbs (Solidago canadensis L., Canada gold-
enrod; Vernonia baldwinii Torr., Baldwin’s ironweed), one legumi-
nous C3 subshrub (Amorpha canescens Pursh., leadplant) and two 
C3 shrubs (Rhus glabra L., smooth sumac; Cornus drummondii C.A. 
Mey., rough-leaf dogwood). Plants were sampled randomly within 
50 m from a micrometeorological station. All measurements were 
made from May through September of each year during the study.

2.3 | Environmental conditions

A micrometeorological station located at a lowland position within 
the same experimental watershed (<50 m from all study plants) 
was used to measure precipitation, air temperature, relative hu-
midity and soil moisture. Daily cumulative precipitation (mm) was 
measured with an Ott Pluvio2 rain gauge (Ott Hydromet, Kempten, 
Germany). Vapour pressure deficit (VPD) was calculated from air 
temperature (Tair) measurements made with a 100 K thermistor 
(Betatherm, Hampton, VA, USA) and relative humidity measure-
ments made, using a HMP45ASP sensor (Vaisala, Helsinki, Finland). 
Volumetric soil moisture (v/v) was measured at 10 cm depth, using a 
Hydraprobe II sensor (Stevens Water Monitoring Systems, Portland, 
OR). Data were recorded as 60 min averages using a CR10 datalog-
ger (Campbell Scientific Inc. Logan, UT) throughout each growing 
season of the study. We used average daily soil moisture, as well as 
VPD and Tair reported at the average time of day (11.00 hr) and night 
(23.00 hr) gas exchange measurements, for all analyses.

2.4 | Leaf physiology measurements

Leaf physiology measurements (mid-day gas exchange, nocturnal 
gas exchange, mid-day water potential and predawn water potential) 

were made six times per growing season, approximately once every 
2–4 weeks. For each sampling date, all measurements were made 
on the youngest, fully developed leaf from 3 to 5 randomly se-
lected individuals per species. Leaf gas exchange was measured 
with an Li-6400xt infra-red gas analyser (Li-Cor, Inc., Lincoln, NE, 
USA). Mid-day measurements were made on clear days between 
10.00 and 13.00 hrs and included maximum CO2 assimilation at 
ambient Ca (Amax), daytime stomatal conductance of water vapour 
(gsday), and daytime transpiration rate (Eday). Daytime cuvette con-
ditions were set to [CO2] = 400 μmol CO2 mol−1, photosynthetically 
active radiation = 1500 μmol m−2 s−1 photon flux density, and flow 
rate = 500 μmol/s. Relative humidity was kept at ambient levels 
(typically 40%–60%).

Nocturnal measurements were made on the same day as 
daytime gas exchange measurements, approximately 1 hr fol-
lowing sunset, and typically lasted 2–3 hrs (approximately 
22.00–01.00 hrs). Cuvette conditions were set to daytime con-
ditions except the light source was turned off. Nocturnal mea-
surements were made on the same leaves used for daytime gas 
exchanges measurements and included nocturnal stomatal con-
ductance (gsnight) and nocturnal transpiration rate (Enight). In the 
few instances where leaves were damaged between daytime and 
nocturnal measurements, a morphologically and developmen-
tally similar leaf on the same plant was chosen for the nocturnal 
measurement. For all gas exchange measurements, each leaf was 
allowed to stabilize within the cuvette for 2–5 min and then a sin-
gle measurement was recorded. Gas exchange calculations were 
adjusted for leaf area within the cuvette during data processing, 
if necessary.

Predawn (Ψpd) and mid-day (Ψmd) leaf water potential were mea-
sured the same day during which gas exchange measurements were 
performed. Leaves for Ψpd measurements were collected approxi-
mately 1 hr prior to sunrise and leaves for Ψmd measurements were 
collected at 12.00 hrs. Each leaf was cut with a razor blade, sealed 
in dark, humidified plastic bag, and allowed to equilibrate for 1 hr 
prior to measurement with a Scholander pressure chamber (PMS 
Instrument Company, Albany, OR, USA).

2.5 | Statistics

All analyses were performed with the statistical program r V3.3.3 
(R Core Team, 2017). We used mixed-effects models to assess dif-
ferences in nocturnal (Enight and gsnight) and diurnal (Eday, gsday, Amax, 
Ψpd, and Ψmd) physiology across plant functional groups, (i.e. grasses, 
forbs and woody species), and through time. For each physiological 
response variable, plant functional group, sampling date and their 
interaction were fixed effects and species nested within plant func-
tional group (Schielzeth & Nakagawa, 2013) was included as a ran-
dom effect using the “lmer” function of the “lme4” package V1.1-14 
(Bates, Maechler, Bolker, & Walker, 2015).

We used Information Theoretic (IT) model averaging (Burnham 
& Anderson, 2004) to (1) identify the environmental drivers of Enight 
and gsnight, (2) identify the environmental drivers of Eday and gsday and 
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(3) to assess whether daytime physiology is associated with Enight and 
gsnight. This method compares multiple competing models using infor-
mation criteria, ranks and weights each competing model, and then 
averages a top model set to produce a final model that only includes 
predictor variables represented in the top model set. IT model av-
eraging was chosen over traditional null hypothesis testing in order 
to account for model uncertainty, avoid over-parameterization, pro-
vide more robust parameter estimates and to quantitatively evalu-
ate multiple hypotheses rather than a single null model (Burnham 
& Anderson, 2004; Grueber, Nakagawa, Laws, & Jamieson, 2011). 
We ran six separate mixed-effects models to address each question 
individually. In the first two models (response variables Enight and 
gsnight), nocturnal VPD, nocturnal Tair, soil moisture, plant functional 
group and their pairwise interactions were fixed effects. In the next 
two models (response variables Eday and gsday), diurnal VPD, diurnal 
Tair, soil moisture, plant functional group and their pairwise interac-
tions were fixed effects. In the final two models (response variables 
Enight and gsnight), Ψpd, Ψmd, Amax, plant functional group and their 
pairwise interactions were fixed effects. In all models, plant species 
nested within plant functional group and sampling date were ran-
dom effects.

For each analysis, we first created a global model that included all 
fixed and random effects using the “lmer” function. We then defined the 
global model and used the “standardize” function in the “arm” package 
V1.9-3 (Gelman & Su, 2016) to standardize the input variables. Next, 
we used the “dredge” function in the “mumin” package V1.40.0 (Bartoń, 
2017) to create a full submodel set and used the “get.models” function 
in the “mumin” package to reduce the full set to a top model set with 
4AICc as a cutoff, according to Grueber et al. (2011). Finally, we calcu-
lated a final average model and determined the relative importance for 
each parameter included in the average model, using the “model.avg” 
function in the “mumin” package. Relative importance, a unitless metric, 
sums Akaike weights for all top models in which the parameter appear 
and ranges from 1 (indicating that the parameter is included in all top 
models) to 0 (indicating that the parameter has no explanatory weight) 
(Burnham & Anderson, 2004).

3  | RESULTS

3.1 | Environmental conditions

Soil moisture measured at 10 cm depth declined over each growing 
season (Figure 1a,b) with highest values at DOY 166 in 2014 and 
DOY 156 in 2015. Minimum soil moisture occurred at DOY 212 
in 2014 and DOY 249 in 2015. Soil moisture was generally higher 
throughout the mid- and late portions of the 2015 growing sea-
son compared to 2014, which was associated with greater annual 
precipitation and larger precipitation events in 2015 (Figure 1c,d). 
Tair was generally similar between 2014 and 2015 (Figure 1e,f), 
with maximum Tair measured during the day (11.00 hr) occurring 
on DOY 206 in 2014 and DOY 171 in 2015, and minimum Tair 
measured at night (23.00 hr) occurring on DOY 255 in 2014 and 
DOY 140 in 2015. VPD was variable over each growing season but 

generally had greater magnitude in 2014 than 2015 (Figure 1g,h). 
Maximum VPD measured during the day (11.00 hr) occurred on 
DOY 236 in 2014 and DOY 161 in 2015, while minimum VPD 
measured at night (23.00 hr) occurred on DOY 160 in 2014 and 
DOY 183 in 2015.

3.2 | How do nocturnal and diurnal transpiration 
vary among coexisting grasses, forbs and shrubs in a 
tallgrass prairie?

Measurable rates of nocturnal gas exchange occurred in all func-
tional groups (Figure 2) and varied significantly among functional 
groups and sampling dates (significant functional group × date inter-
actions for Enight and gsnight, see Table S1 in Supporting Information). 
In 2014, Enight and gsnight were high early and late in the growing 
season, but declined between DOY 196 and 229 (Figure 2a,c). In 
2015, Enight and gsnight were high on DOY 152 and DOY 211, and 
were lower between these dates as well as at the end of the grow-
ing season (Figure 2b,d). Grasses generally had the maximal Enight 
and gsnight values, and had higher overall rates in 2015 between 
DOY 152 and 211. However, forbs had larger Enight rates during the 
latter portion of 2014.

Diurnal gas exchange rates also varied by functional group and 
sampling date (significant functional group × date interactions 
for Eday and gsday, Table S1). However, unlike nocturnal gas ex-
change, grasses typically showed the lowest Eday and gsday values 
throughout 2014 (Figure 2e,g) and 2015 (Figure 2f,h). This con-
servative use of water corresponded with the highest Amax rates 
of any functional group (Figure S1a-b), as is typical for C4 grasses. 
Conversely, forbs had the maximal diurnal gas exchange rates in 
early 2014 (Figure 2e,g) and throughout 2015 (Figure 2f,h), but 
lower Amax than the grasses (Figure S1a-b). Woody species gen-
erally had intermediate diurnal gas exchange rates (Figure 2e,g; 
Figure S1a-b).

3.3 | What environmental variables drive nocturnal 
transpiration and do these differ from the drivers of 
daytime transpiration?

Variability in Enight was best described by a weak relationship with 
nocturnal VPD, soil moisture, and nocturnal Tair (Table 1). Enight de-
clined with increasing nocturnal VPD, and to a lesser extent, increas-
ing nocturnal Tair (Figure 3a,b). Nocturnal VPD and Tair were also 
both drivers of gsnight (Table 1), although gsnight showed a somewhat 
stronger decline in response to increasing nocturnal VPD and Tair 
(Figure 3c,d).

The response of daytime gas exchange to environmental 
drivers differed from that of nocturnal gas exchange (Table 2). 
Variability in Eday was best described by diurnal VPD, Tair, and 
soil moisture, while variability in gsday was best described by soil 
moisture and diurnal Tair (Table 2). Contrary to the negative rela-
tionship observed between nocturnal gas exchange and VPD, Eday 
increased with increasing diurnal VPD and gsday did not respond to 
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variations in diurnal VPD (Figure 4). Instead, gsday increased with 
increasing soil moisture and diurnal Tair (Figure S2). Furthermore, 
the response of Eday to environmental drivers often varied among 
plant functional groups (Table 2). For instance, Eday increased with 
increasing soil moisture, but this trend was observed only in forbs 
and woody species (Figure S3).

3.4 | Is nocturnal transpiration associated with 
daytime physiological processes?

Variability in Enight was partially explained by diurnal physiology 
measured the day prior to nocturnal gas exchange measurements 
(Table 3). Enight was higher at higher Ψpd and Ψmd values, particularly 

F IGURE  1 Environmental data measured between day of year 140–260 in 2014 and 2015. Shown are daily mean soil moisture at 10 cm 
(a, b), cumulative daily precipitation (c,d), air temperature (Tair) reported at average time of day (11.00 hr) and night (23.00 hr) gas exchange 
measurements (e, f), and vapour pressure deficit (VPD) reported at average time of day (11.00 hr) and night (23.00 hr) gas exchange 
measurements (g, h). Dashed vertical lines indicate sampling days on which gas exchange measurements occurred during each growing 
season
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TABLE  1 Effects of nocturnal environmental conditions on Enight and gsnight. Shown are summary results after model averaging, including 
the average model estimates, SE, adjusted SE (Adj SE), Z value, p value, 95% confidence interval (95% CI), relative importance (Importance), 
and number of models in which the factor occurs (N models)

Parameter Estimate SE Adj SE Z value p value 95% CI Importance N models

Enight
Intercept 0.479 0.068 0.069 6.959 <.001 0.343, 0.613

VPD −0.194 0.106 0.106 1.831 .067 −0.402, 0.014 0.25 1

Soil moisture 0.130 0.112 0.113 1.152 .250 −0.091, 0.351 0.11 1

Tair −0.124 0.115 0.116 1.071 .284 −0.351, 0.103 0.10 1

gsnight
Intercept 0.033 0.006 0.006 5.605 <.001 0.021, 0.045

VPD −0.027 0.008 0.009 3.182 .001 −0.044, −0.010 0.22 1

Tair −0.026 0.009 0.009 2.959 .003 −0.043, −0.009 0.15 1

F IGURE  2 Nocturnal and diurnal 
physiology measured in 2014 and 2015. 
Shown are the M ± 1 SEM nocturnal 
transpiration rate, Enight (a, b), nocturnal 
stomatal conductance of water vapour, 
gsnight (c, d), diurnal transpiration rate, Eday 
(e, f), and diurnal stomatal conductance 
of water vapour, gsday (g, h) measured for 
each functional group
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in grasses (Figure 5a,d). For instance, Enight rates measured in grasses 
were >0.5 mmol m−2 s−1 at Ψpd > −0.5 MPa, but dropped sub-
stantially when Ψpd < −0.5 MPa (Figure 5a). A similar, but weaker 

relationship was exhibited between Enight and leaf water potential 
for woody plants (Figure 5c,f), and no relationship was observed 
for forbs (Table 3; Figure 5b,e). Additionally, Enight exhibited a 

F IGURE  3 Relationships between 
nocturnal transpiration (Enight) and 
nocturnal vapour pressure deficit (VPD) 
(a), Enight and nocturnal air temperature 
(Tair) (b), nocturnal stomatal conductance 
of water vapour (gsnight) and nocturnal 
VPD (c), and gsnight and nocturnal Tair (d). 
Nocturnal VPD and Tair are reported 
from average time of night (23.00 hr) gas 
exchange measurements. Corresponding 
statistics are shown in Table 1
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TABLE  2 Effects of diurnal environmental conditions on Eday and gsday. Shown are summary results after model averaging, including the 
average model estimates, SE, adjusted SE (Adj SE), Z value, p value, 95% confidence interval (95% CI), relative importance (Importance), and 
number of models in which the factor occurs (N models)

Parameter Estimate SE Adj SE Z value P value 95% CI Importance N models

Eday

Intercept 6.749 0.965 0.969 6.963 <.001 4.849, 8.648

Grass −1.900 0.714 0.717 2.649 .008 −3.306, −0.494 1 10

Woody −1.136 0.713 0.717 1.585 .113 −2.540, 0.269 1 10

Soil moisture 
(SM)

3.111 1.910 1.918 1.622 .105 −0.648, 6.891 1 10

Tair 1.110 1.974 1.982 0.560 .575 −2.774, 4.994 1 10

VPD 0.845 2.133 2.142 0.394 .693 −3.352, 5.042 1 10

Grass × SM −2.048 0.569 0.572 3.581 <.001 −3.168, −0.927 1 10

Woody × SM −1.362 0.553 0.555 2.454 .014 −2.449, −0.274 1 10

SM × Tair 2.374 2.790 2.801 0.847 .397 −3.118, 7.865 0.86 8

SM × VPD 1.775 3.189 3.202 0.554 .579 −4.501, 8.052 0.81 7

Tair × VPD −2.440 2.633 2.644 0.923 .356 −7.623, 2.743 0.86 8

Grass × VPD −0.913 0.715 0.718 1.272 .203 −2.320, 0.494 0.31 4

Woody × VPD −0.769 0.715 0.718 1.071 .284 −2.175, 0.638 0.31 4

Grass × Tair 0.261 0.953 0.956 0.273 .785 −1.612, 2.133 0.15 2

Woody × Tair 0.330 0.924 0.927 0.356 .721 −1.487, 2.147 0.15 2

gsday

Intercept 0.226 0.035 0.035 6.448 <.001 0.158, 0.295

SM 0.099 0.041 0.041 2.406 .016 0.018, 0.180 0.26 1

Tair 0.090 0.045 0.045 2.003 .045 0.002, 0.178 0.15 1
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positive relationship with Amax, but only when Ψmd was higher than 
−1.25 MPa (Table 3; Figure S4). Daytime physiology did not impact 
gsnight (Table 3).

4  | DISCUSSION

4.1 | How do nocturnal and diurnal transpiration 
vary among coexisting grasses, forbs, and shrubs in a 
tallgrass prairie?

Despite the increasing recognition of the frequency and impact of 
nocturnal water loss on ecosystem water budgets, we lack a com-
prehensive understanding of how this process varies among co-
existing species and plant functional groups other than trees (but 
see Ogle et al., 2012). Here, we measured substantial rates of noc-
turnal water loss in dominant C4 grasses, as well as in subdomi-
nant C3 forbs and shrubs. Mean Enight rates ranged from 0.104 to 
1.089 mmol m−2 s−1 in grasses, 0.164–0.678 mmol m−2 s−1 in forbs, 
and 0.186–0.841 mmol m−2 s−1 in shrubs. These values varied over 

time, with greater rates of nocturnal water loss generally occurring 
earlier and later during the growing seasons (Figure 2). While eco-
system consequences of nocturnal water loss are limited without 
scaling these leaf-level measurements to the landscape, the rates 
of Enight observed here suggest that nocturnal water loss by herba-
ceous and subdominant plant groups may contribute more to grass-
land hydrological budgets than previously considered. Furthermore, 
the importance of Enight in this ecosystem is likely underestimated 
by this study because we measured nocturnal gas exchange at the 
beginning of the night when gsnight is often lowest (Resco de Dios 
et al., 2013).

Of the three functional groups, grasses generally had the highest 
rates of Enight, particularly during periods of high water availability 
(Figures 1 and 2). This pattern is unsurprising given that grasses ex-
hibit a functional reliance on water from shallow soil layers over time 
(Nippert & Knapp, 2007a,b; O’Keefe & Nippert, 2017a), with low 
daytime transpiration rates when these layers are dry (Knapp, 1985). 
Similarly, Lombardozzi, Zeppel, Fisher, and Tawfik (2017) calculated 
high gsnight values for C4 grasses, using a global land-surface model. 

F IGURE  4 Relationships of diurnal 
transpiration (Eday) (a) and diurnal stomatal 
conductance of water vapor (gsday) (b) with 
diurnal vapour pressure deficit (VPD). 
Diurnal VPD is reported from average 
time of day (11.00 hr) gas exchange 
measurements. Corresponding statistics 
are shown in Table 2

0

3

6

9

12

15

1.0 1.5 2.0 2.5

E
da

y 
(m

m
ol

 m
−2

 s
−1

)

g s
da

y 
(m

m
ol

 m
−2

 s
−1

)

0.00

0.25

0.50

0.75

1.00

1.0 1.5 2.0 2.5

VPD (kPa)

Forb
Grass
Woody

(a) (b)

TABLE  3 Effects of diurnal physiology on Enight and gsnight. Shown are summary results after model averaging, including the average model 
estimates, SE, adjusted SE (Adj SE), Z value, p value, 95% confidence interval (95% CI), relative importance (Importance) and number of 
models in which the factor occurs (N models)

Parameter Estimate SE Adj SE Z value p value 95% CI Importance N models

Enight
Intercept 0.480 0.080 0.080 5.978 <.001 0.323, 0.637

Amax 0.132 0.057 0.057 2.304 .021 0.020, 0.245 0.48 4

Ψmd −0.027 0.147 0.147 0.181 .856 −0.315, 0.261 0.26 4

Ψmd × Amax 0.215 0.080 0.081 2.668 .008 0.057, 0.374 0.08 1

Grass −0.001 0.145 0.145 0.005 .996 −0.286, 0.284 0.19 3

Woody −0.041 0.137 0.138 0.294 .769 −0.311, 0.230 0.19 3

Grass × Ψmd 0.453 0.109 0.110 4.119 <.001 0.237, 0.669 0.12 2

Woody × Ψmd 0.156 0.110 0.110 1.411 .158 −0.061, 0.372 0.12 2

Ψpd −0.239 0.092 0.093 2.574 .010 −0.420, −1.057 0.07 1

Grass × Ψpd 0.472 0.100 0.101 4.678 <.001 0.274, 0.670 0.07 1

Woody × Ψpd 0.319 0.104 0.105 3.039 .002 0.113, 0.525 0.07 1

Estimate SD df t value p value

gsnight
a

Intercept 0.033 0.006 14.45 5.231 <.001

aIntercept model results are presented for gsnight, as no predictor variables were included in the final average model.
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Forbs and shrubs, which exhibit plasticity in source water use based 
on changes in soil water availability (Nippert & Knapp, 2007a,b), 
generally had more stable rates of Enight through time, particularly in 
2015. C4 grasses exhibited the lowest transpiration rates during the 
day, which is unsurprising given their ability to maintain high photo-
synthetic rates with lower gsday (Figure 2). Consequently, Enight ex-
pressed as a percentage of Eday was greatest for the C4 grasses, with 
maximum values of 35.5% in grasses, 15.5% in forbs and 23.6% in 
shrubs. Although this result is contrary to previous evidence show-
ing that plants with high gsday also have high gsnight (Barbour et al., 
2005; Snyder et al., 2003), it suggests that photosynthetic pathway 
may be an important factor to consider when determining the con-
tribution of Enight to daily water budgets.

4.2 | What environmental variables drive nocturnal 
transpiration and do these differ from the drivers of 
daytime transpiration?

A growing body of evidence suggests that Enight is at least partially 
controlled by nocturnal environmental factors (Caird et al., 2007; 
Zeppel, Logan, Lewis, Phillips, & Tissue, 2013; Zeppel et al., 2014); 
however, there is no general consensus regarding the importance of 
each factor, how abiotic factors potentially interact to affect Enight, 
or how environmental controls of Enight may vary from those of Eday. 
Nocturnal VPD and soil water content are the most frequently re-
ported abiotic drivers of nocturnal water loss. Many studies have ob-
served a positive relationship of Enight with VPD (Alvarado-Barrientos 

et al., 2015; Dawson et al., 2007; Forster, 2014; Phillips et al., 2010; 
Zeppel et al., 2010) and soil moisture (Barbeta et al., 2012; Fuentes 
et al., 2013; Howard & Donovan, 2007; Moore, Cleverly, & Owens, 
2008), which are similar to patterns observed during the day (Zeppel 
et al., 2011). However, other studies have reported negligible re-
lationships of Enight with VPD (Barbour et al., 2005; Resco de Dios 
et al., 2015), or stronger relationships of Enight with other environ-
mental variables such as wind speed (Karpul & West, 2016; Phillips 
et al., 2010) or atmospheric CO2 concentration (Zeppel et al., 2011). 
Further complicating our understanding of the mechanisms control-
ling Enight may be interactions among environmental factors (Zeppel 
et al., 2014), leaf age (Phillips et al., 2010), responses to nutrient 
availability (Eller, Jensen, & Reisdorff, 2017; Kupper et al., 2012; 
Rohula, Kupper, Räim, Sellin, & Sõber, 2014; Scholz et al., 2007), 
differential diurnal and nocturnal stomatal behavior (Ogle et al., 
2012), species-specific effects of hydraulic architecture on water 
loss (Sack & Holbrook, 2006), positive relationships of gsnight with 
VPD (Howard & Donovan, 2007), or effects of endogenous circadian 
rhythm (Caldeira, Jeanguenin, Chaumont, & Tardieu, 2014; Resco de 
Dios, Loik, Smith, Aspinwall, & Tissue, 2016; Resco de Dios et al., 
2013, 2015).

We evaluated the relationships of nocturnal and diurnal transpi-
ration with VPD, Tair, soil moisture and their interactions. Contrary 
to previous studies, we found that Enight and gsnight decreased 
with increasing nocturnal VPD for all functional groups (Figure 3). 
Furthermore, these relationships differed from those observed 
during the day, where Eday and gsday did not vary with fluctuating 

F IGURE  5 Relationships between nocturnal transpiration (Enight) and predawn leaf water potential (Ψpd) for grasses (a), forbs (b) and 
woody species (c), as well as relationships between Enight and mid-day leaf water potential (Ψmd) for grasses (d), forbs (e), and woody species 
(f). Corresponding statistics are shown in Table 3
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diurnal VPD (Figure 4). For the species and location measured here, 
gsnight and gsday appear to be regulated by different mechanisms be-
cause stomatal sensitivity to changes in VPD was greater at night 
than during the day. Weak stomatal responses to diurnal VPD in-
dicate that optimizing carbon gain rather than minimizing water 
loss may be an important physiological strategy in this ecosystem. 
Alternatively, interactions of VPD with a host of other, unmeasured 
environmental variables (e.g. wind speed, irradiance) may drive Eday. 
Greater stomatal responses to nocturnal VPD suggest that min-
imizing water loss becomes more important when carbon gain is 
absent. Because nights with higher VPD often occur on very warm 
days, greater stomatal regulation at night may result in overall water 
savings for these species. This will become especially important 
as nocturnal air temperatures increase more rapidly than daytime 
temperatures in future climates (Davy, Esau, Chernokulsky, Outten, 
& Zilitinkevich, 2017). In support of this interpretation, Ogle et al. 
(2012) reported differential stomatal behaviour during the day and 
at night in several desert species and suggested that diurnal and 
nocturnal stomatal behaviour could be under varying selection pres-
sures (Christman et al., 2008).

4.3 | Is nocturnal transpiration associated with 
daytime physiological processes?

Another factor that may complicate our understanding of the 
mechanistic controls over nocturnal water loss is the potential 
influence of daytime physiological processes. Although not yet 
rigorously investigated, previous studies have suggested that 
photosynthetic rates may influence subsequent Enight if carbohy-
drate supply regulates gsnight (Gao et al., 2016; Lasceve, Leymarie, 
& Vavasseur, 1997; Resco de Dios et al., 2015). Here, we assessed 
whether nocturnal water loss was statistically correlated with 
the previous day’s photosynthetic rates and with leaf water po-
tential. We did not find any significant relationships between gs-

night and daytime physiology, but we did observe that Enight was 
related to both leaf water potential and photosynthetic rates. 
The relationship between Enight and leaf water potential varied 
by plant functional type. For the grasses, and to a lesser extent 
the woody species, Enight exhibited an exponential relationship 
with Ψpd and Ψmd (Figure 5). For the grasses, Enight was very low 
when Ψpd was < −0.5 MPa, and high Enight was only possible when 
Ψpd > 0.5 MPa (Figure 5a). These results suggest that plant water 
status was a critical determinant of nocturnal water loss, as has 
been observed in other studies (Fuentes et al., 2013; Ogle et al., 
2012), but this response was most prevalent for the grasses com-
pared to the other two functional types. Interestingly, Enight was 
only weakly related to soil moisture content (Table 1). This dis-
crepancy may have occurred because we measured soil moisture 
at one central location, not directly in the rhizosphere of each 
plant, which would not identify heterogeneity in soil water avail-
ability at small spatial scales compared to leaf Ψpd.

We also found a weak positive relationship between Enight and 
Amax, but only at higher Ψmd values (Figure S4). While this result may 

suggest that photosynthetic rates and carbohydrate availability in-
fluence Enight under certain hydrological conditions, the fact that 
gsnight did not vary with Amax indicates that carbohydrate regulation 
of gsnight is not driving these higher Enight rates. Rather, Enight may be 
correlated with Amax simply because those plants that had high Enight 
rates also exhibited high Amax rates (i.e. grasses). These results sug-
gest that “carry-over” effects might not be driving nocturnal water 
loss for these species; however, they do illustrate the importance of 
fine-scale variation of soil water availability on driving Enight. Finally, 
we should note that the relationships between nocturnal transpira-
tion and daytime physiological processes, as well as between noc-
turnal transpiration and nocturnal environmental conditions, are 
based on measurements made early at night; whether these con-
clusions could be extended throughout an entire night is yet to be 
determined.

4.4 | Ecological implications

Our observations of greater stomatal regulation of Enight at high noc-
turnal VPD, combined with greater rates of Enight at high water po-
tentials, show that these grassland plants increase Enight when water 
is available in surface soil layers, but more tightly regulate water 
use at night when water is less available. These results suggest that, 
rather than nocturnal transpiration existing as a detriment to plant 
functioning (Bucci et al., 2004; Christman et al., 2008; Coupel-Ledru 
et al., 2016; Dawson et al., 2007; Donovan, Linton, & Richards, 2001; 
Kavanagh et al., 2007), stomatal regulation of nocturnal water loss 
may provide adaptive value to certain species during periods of high 
water availability. Specifically, we suggest that nocturnal transpira-
tion may promote rapid water loss from surface soils as a competi-
tive strategy within a community. Species that exhibit characteristics 
of fast growth during periods of high resource availability, as well as 
traits that permit tolerance of dry soil conditions, will benefit from 
a strategy that maximizes resource consumption (Tilman, 1982). For 
example, high soil water uptake and flux when readily available and 
not replaced may negatively impact other species through resource 
depletion and more frequent dry soil conditions. Neighbouring spe-
cies lose out twice; once by not fully exploiting high soil moisture 
availability, and second because low moisture availability imparts 
greater physiological stress on drought-sensitive species. C4 grasses 
in tallgrass prairie exhibit functional traits of drought tolerance 
(Nippert & Knapp, 2007a; Tucker et al., 2011), and also had the high-
est rates of nocturnal transpiration under wet soil conditions in this 
study. In this scenario, C4 grasses maintain a physiological advantage 
under conditions of both high and low surface soil water availability 
compared to neighbouring species with lower nocturnal water flux 
and greater sensitivity to dry soil conditions.

Overall, these data show that Enight is not constant across a 
group of coexisting plant functional groups and does not always 
respond to environmental drivers in a manner similar to Eday. 
Although most land surface models are parameterized with few 
values for gsday and assume no gsnight (Kowalczyk et al., 2006; Sitch 
et al., 2003), there is growing recognition that land surface models 



     |  1165Functional EcologyO’KEEFE and NIPPERT

should parameterize gsday for a wider range of plant functional 
types and biomes (Lin et al., 2015) and should include estimates 
of gsnight (Lombardozzi et al., 2017; Zeppel et al., 2014). Our ob-
servation of differential diurnal and nocturnal stomatal behaviour 
supports the idea that gsday and gsnight should be parameterized 
separately. Additionally, considering the rates of Enight observed 
here, we encourage future model parameterizations to also in-
clude gsnight and Enight for a greater range of plant functional groups 
in simulations of nocturnal water flux. Finally, we demonstrate 
that Enight rates were generally greater in C4 grasses than in any 
other functional group, particularly during wet periods. Whether 
regulation of Enight based on changes in water availability serves as 
an ecological strategy for these grasses remains to be tested; how-
ever, considering the widespread global occurrence of C4 grasses, 
Enight may contribute more greatly to global evapotranspiration 
than previously considered.
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