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Dwarf mistletoes, obligate, parasitic plants with diminutive aerial shoots, have long-term effects on host tree water relations, 
hydraulic architecture and photosynthetic gas exchange and can eventually induce tree death. To investigate the long-term 
(1886–2010) impacts of dwarf mistletoe on the growth and gas exchange characteristics of host western hemlock, we 
compared the diameter growth and tree-ring cellulose stable carbon (C) and oxygen (O) isotope ratios (δ13Ccell, δ18Ocell) of 
heavily infected and uninfected trees. The relative basal area growth of infected trees was significantly greater than that 
of uninfected trees in 1886–90, but declined more rapidly in infected than uninfected trees through time and became sig-
nificantly lower in infected than uninfected trees in 2006–10. Infected trees had significantly lower δ13Ccell and δ18Ocell than 
uninfected trees. Differences in δ18Ocell between infected and uninfected trees were unexpected given that stomatal conduc-
tance and environmental variables that were expected to influence the δ18O values of leaf water were similar for both groups. 
However, estimates of mesophyll conductance (gm) were significantly lower and estimates of effective path length for water 
movement (L) were significantly higher in leaves of infected trees, consistent with their lower values of δ18Ocell. This study 
reconstructs the long-term physiological responses of western hemlock to dwarf mistletoe infection. The long-term diameter 
growth and δ13Ccell trajectories suggested that infected trees were growing faster than uninfected trees prior to becoming 
infected and subsequently declined in growth and leaf-level photosynthetic capacity compared with uninfected trees as the 
dwarf mistletoe infection became severe. This study further points to limitations of the dual-isotope approach for identifying 
sources of variation in δ13Ccell and indicates that changes in leaf internal properties such as gm and L that affect δ18Ocell must 
be considered.

Keywords: effective path length, mesophyll conductance.

Introduction

Dwarf mistletoe (Arceuthobium spp. Viscaceae) is an obligate, 
parasitic plant that primarily infects coniferous species and may 
eventually induce host tree death. Similar to leafy mistletoes 
(e.g., Loranthaceae), dwarf mistletoes acquire carbohydrates 
and water almost completely from host trees through hausto-
rial connections to host xylem and phloem (Hawksworth and 

Wiens 1996). However, dwarf mistletoes differ considerably 
from leafy mistletoes in that they have diminutive, essentially 
leafless aerial shoots. Therefore, dwarf mistletoes are more 
heterotrophic (Hull and Leonard 1964, Logan et  al. 2002) 
and have a miniscule transpiring shoot area compared with 
leafy mistletoes, which have a high transpiration rate per unit 
leaf area relative to that of host trees (Marshall et al. 1994a, 
1994b, Zweifel et al. 2012).
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As a result, the long-term negative impacts of dwarf mistle-
toes on tree growth and carbon (C) balance are likely to be 
indirect and related to disruption of water transport and con-
sequent alterations in the hydraulic architecture and photosyn-
thetic gas exchange rather than directly related to interception 
of water and fixed C. Water use of western hemlock (Tsuga het-
erophylla (Raf.) Sarg.) trees heavily infected with dwarf mistletoe  
(Arceuthobium tsugense (Rosendahl) G.N. Jones ssp. tsugense) 
was substantially less than that of co-occurring uninfected trees 
of similar size because infected trees exhibited branch dieback 
and reduced leaf area on surviving infected branches (Meinzer 
et  al. 2004). Needle shedding on infected western hemlock 
branches conserved their leaf-specific conductivity despite 
sharply reduced hydraulic conductivity in spindle-shaped 
branch swellings (Meinzer et  al. 2004). The predictable scal-
ing of stomatal conductance (gs) and photosynthesis (A) with 
leaf-specific conductivity (Hubbard et al. 2001, Santiago et al. 
2004) suggests that photosynthetic gas exchange characteris-
tics may be similar in needles on uninfected and infected trees. 
However, Sala et al. (2001) and Meinzer et al. (2004) observed 
reduced host leaf nitrogen (N) content, photosynthetic capac-
ity (Amax) and intrinsic water-use efficiency (WUE, defined as 
the ratio A/gs) in coniferous trees infected with dwarf mistletoe. 
These dwarf-mistletoe-induced alterations in photosynthetic gas 
exchange were recorded in stable C isotope ratios of needles on 
infected western hemlock branches (Meinzer et al. 2004).

Because dwarf mistletoe infections are initially localized 
and increase in severity over several decades, it is difficult to 
estimate when trees were initially infected and evaluate host 
physiological responses to the infection through time (Geils and 
Collazo 2002). Past growth responses of trees and their under-
lying physiological basis can often be characterized by concur-
rent analyses of tree-ring widths and stable isotopes of tree-ring 
cellulose, which record and integrate the impacts of physiology 
and the environment at the time the ring was formed (McCarroll 
and Loader 2004). Studies have shown that isotopic ratios of C 
and oxygen (O) of tree-ring cellulose (δ13Ccell, δ18Ocell) provide 
valuable information on plant C and water relations (Saurer et al. 
1997, Barnard et al. 2012) and past environmental conditions 
(Roden et al. 2000, Brooks and Mitchell 2011). The δ13Ccell and 
thus the C isotope discrimination, Δ13Ccell, reflect gas exchange 
by the plant at the time the C was fixed and can be used as a 
measure of intrinsic WUE (Farquhar et al. 1989a) unless dis-
proportionate changes in mesophyll conductance (gm) have 
occurred (Flexas et al. 2012).

However, it would also be useful to retrospectively separate 
the effects of variation in A and gs on intrinsic WUE as indicated 
by Δ13Ccell. Concurrent analysis of δ18Ocell has been proposed 
as an approach for separating variation in A and gs because 
δ18Ocell is only influenced by the water cycle, including gs, and 
not A (Scheidegger et al. 2000). Variables influencing δ18Ocell 
include the isotopic composition of source water, atmospheric 

water vapor, evaporative enrichment of leaf water (Roden et al. 
2000, Barbour 2007) and a biochemical fractionation factor 
associated with incorporation of sugars into tree-ring cellu-
lose (Yakir and DeNiro 1990). Transpiration (E) from the leaf 
is controlled by the leaf-to-air vapor pressure deficit (VPD) 
and stomatal and boundary layer conductances. Therefore, in 
co-occurring trees that rely on identical sources of water and 
experience similar relative humidity (RH) and VPD, differences 
in δ18Ocell should result from differences in gs and therefore  
E. However, studies have found that the use of the dual-isotope 
(δ13Ccell and δ18Ocell) approach to compare treatment groups is 
complicated even when variables such as source water, water 
vapor, RH and Tleaf are similar among treatments (Brooks and 
Coulombe 2009).

Other factors also influence gas exchange and thus δ13Ccell 
and δ18Ocell besides A and gs that are not accounted for by 
the dual-isotope approach, such as gm and the length and 
tortuosity of the pathway from the xylem to the chloroplast 
and evaporative sites (effective path length, L) (Kahmen 
et al. 2008, Ferrio et al. 2012). These characteristics related 
to leaf anatomy may be influenced by the presence of dwarf 
mistletoe, which has been shown to alter water relations and 
hydraulic architecture (Meinzer et al. 2004), leaf size (Reblin 
et al. 2006) and leaf anatomy (Chhikara and Ross Friedman 
2008) of host trees.

Although tree-ring C and O stable isotopes have been 
used to investigate the effect of insects on host physiology 
(Haavik et al. 2007, Simard et al. 2012), to our knowledge, 
the dual-isotope approach has not been used to evaluate the 
effect of a parasitic plant on the physiology of its host. To 
improve our understanding of the integrated effects of hem-
lock dwarf mistletoe on host physiology and photosynthetic 
gas exchange over time, we compared the annual radial 
growth, δ13Ccell and δ18Ocell of co-occurring uninfected and 
heavily infected old-growth western hemlock trees in south-
western Washington. We applied an established leaf water 
O isotope fractionation model and previous physiological 
measurements to estimate L and gm to detect potential infec-
tion-induced changes in leaf anatomy (Roden et  al. 2000, 
Barbour 2007). Based on previous measurements of photo-
synthetic gas exchange and leaf-specific hydraulic conduc-
tivity (Meinzer et  al. 2004), we expected infected trees to 
have reduced radial growth, lower δ13Ccell and similar δ18Ocell 
compared to uninfected trees.

Materials and methods

Study species

Hemlock dwarf mistletoe (A. tsugense) infects western hem-
lock (T. heterophylla) along the west coast of North America 
from northern California to southeast Alaska (Hennon et  al. 
2001). Hemlock dwarf mistletoe is dioecious and produces 
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nectar-bearing flowers during mid–late summer. After polli-
nation, fruits take 13–14 months to mature. Seeds are explo-
sively discharged to horizontal distances up to 15 m from a 
single-seeded berry, causing dwarf mistletoe populations to 
be clumped based on stand composition. Once attached to a 
branch, the seed establishes a holdfast structure to develop 
its endophytic system and haustorial connections with host 
phloem and xylem (Hawksworth and Wiens 1996). Hemlock 
dwarf mistletoe induces localized branch infections visible as 
spindle-shaped swellings (Geils and Collazo 2002). Diminutive 
aerial shoots erupt from these swellings ~2–7 years after seed 
germination (Geils and Collazo 2002). Downstream from swell-
ings, the host tree forms dense, fan-shaped branching systems 
called ‘witches’ brooms’ that develop over a period of several 
years to decades.

Study area

The study site is located within a 4-ha plot in the T. T. Munger 
Research Natural Area in the Wind River Experimental Forest, in 
southwest Washington (45.820°N, 121.952°W) at an elevation 
of 368 m. Very wet winters and relatively dry summers char-
acterize the climate. Average annual precipitation is 2176 mm 
with >90% falling during the rainy season of October–May 
(Carson Fish Hatchery, WA, USA; Western Regional Climate 
Center, Reno, NV; http://www.wrcc.dri.edu/). Average winter 
(December–March) and summer (June–September) tempera-
tures are 2 and 16 °C, respectively. The stand selected for the 
study is dominated by old-growth western hemlock (~250 years 
old, 224 ha−1) and Douglas-fir (Pseudotsuga menziesii, ~450 
years old, 35 ha−1). It was originally populated with Douglas-
fir, a pioneer species, from 1500 to 1600 AD while western 
hemlock, a secondary successional species, was reproducing 
in the understory. Stand density is ~427 trees ha−1.

Daily air temperature (Tair) and RH were recorded at the 
Wind River Canopy Crane Research Facility from 1999 to 2011 
(University of Washington, http://depts.washington.edu/wrc-
crf/metdata/data/). Monthly estimates of precipitation, mean 
Tair, minimum air temperature (Tmin), maximum air tempera-
ture (Tmax) and dewpoint temperature were obtained from the 
PRISM Climate Group (Oregon State University, http://prism.
oregonstate.edu). To obtain mean monthly daytime (0630–
1930 h) Tair and RH for 1980–2010, monthly climate variables 
from PRISM for 1999–2011 were regressed against monthly 
on-site Wind River climate data (y = 0.4715x + 10.892, 
y = 0.3191x + 40.715, respectively) for the growing sea-
son that was considered to be May (day of year, DOY 121)–
September (DOY 273). Vapor pressure deficit was estimated 
from Tair and dewpoint temperature using an algorithm for satu-
rated vapor pressure (Paw and Gao, 1988). Monthly Palmer 
Drought Severity Index values were obtained for nearby 
Climate Divisions for Oregon and Washington from the IRI/
LDEO climate data library (http://iridl.ldeo.columbia.edu/).

Assessment of dwarf mistletoe infection severity

All old-growth western hemlock trees at the site were surveyed 
for dwarf mistletoe infection severity using the Hawksworth 
six-class dwarf mistletoe rating (DMR) system (Hawksworth 
and Wiens 1996). Trees were inspected from the ground with 
binoculars. From observation, the crown is divided into thirds 
whereby each third is visually evaluated on a scale of 0–2: 
0 is assigned to a third that displays 0% of branches infected, 
1 for <50% infected and 2 for >50% infected. The sum of the 
0–2 evaluations for each third is the DMR classification. Dwarf 
mistletoe rating 0 refers to uninfected trees and DMR 6 refers 
to heavily infected trees. Sampled heavily infected trees had 
significant signs of infection including formation of fan-shaped 
‘witches’ brooms’ and branch dieback.

Sampling

Thirteen uninfected (DMR 0, uninfected group) and 17 heavily 
infected (DMR 6, infected group) co-occurring western hem-
lock trees of approximately the same stem diameter (at 1.3-m 
height), age and tree height (Table 1) were sampled for growth 
and stable isotope analyses. Stem diameter and age were 
measured for all selected trees, whereas height was recorded 
for a subset of eight uninfected and nine infected trees. In 
July 2011, two 5-mm cores to pith and two 12-mm cores to  
~10-cm depth at 180° from each other were extracted from 
each tree at ~1.3-m height. Cores were mounted, dried and 
sanded. Ring widths were measured using a sliding stage 
incremental micrometer (Velmex, Inc., Bloomfield, NY, USA) 
with Measure J2X software (VoorTech Consulting, Holderness, 
NH, USA). Visual cross-dating was verified using the COFECHA 
program to identify false or missing rings (Holmes 1983) for 
all cores collected. To compare rates of tree growth, ring-width 
data were converted to basal area increment (BAI, cm2 year –1) 
assuming a circular outline of stem cross-sections. To account 
for tree-size-related differences in growth during ontogeny, 
cross-dated BAI series were converted to relative basal area 
increment (RBAI). Relative basal area increment was calcu-
lated by dividing the BAI of a given year by the total basal area 
present during the previous year. For comparing inter-annual 
variability in growth to climate variables, the cross-dated ring-
width series were detrended and standardized to produce 
ring-width index chronologies using the program ARSTAN 
(Cook and Holmes 1986). To create chronologies for each 
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Table 1. ​ Stem diameter, age and height of western hemlock trees 
uninfected and infected with dwarf mistletoe. Values are means (±SE) 
of measurements made in 2011. Values followed by different letters 
within each column differ significantly at P ≤ 0.05, n = 8–17.

Diameter (cm) Age (years) Height (m)

Uninfected 91.3 ± 2.9a 225 ± 31.3a 52.1 ± 0.9a
Infected 90.6 ± 4.6a 210 ± 27.2a 48.8 ± 1.5a
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of the DMR 0 and DMR 6 groups, each ring-width series was 
detrended twice with either a linear or a negative exponential 
regression in the first round to remove age-related trends. The 
second round of interactive detrending fit a flexible spline to 
each ring-width index series to remove trends associated with 
canopy disturbances. These methods result in a more coher-
ent inter-annual climate signal for shade-tolerant tree species 
such as western hemlock that establish under closed canopy 
forest conditions and are often exposed to highly dynamic 
resource availability after canopy gap-formation disturbances 
(Cook 1985).

Sample preparation

Cores from a subset of six uninfected (DMR 0) and infected 
(DMR 6) trees that had ring widths closest to the mean per 
group were processed for stable isotope analysis for two dif-
ferent objectives. The first objective was to obtain a long-
term δ13Ccell record to evaluate potential shifts in physiology 
associated with mistletoe infection. Five-year groupings of 
annual growth rings alternating every 5 years were separated 
from the 5-mm cores along the entire core length, spanning 
over 100 years. Growth and C isotope data from cores col-
lected in 2002 from three uninfected and two infected trees 
from the same stand (D.R. Woodruff, unpublished data) sup-
plemented cores collected in 2011 for a total sample size of 
nine uninfected and eight infected trees analyzed in growth 
and long-term C isotope campaigns. Analyses with and with-
out the 2002 cores were not significantly different (data not 
shown).

The second objective was to evaluate more recent physiolog-
ical differences between the two DMR classes using both C and 
O isotopes. We used the shorter 12-mm cores, and selected 
two of the wettest and two of the driest years per decade span-
ning 1980–2010 for isotope analyses based on precipitation 
and temperature data. We expected dwarf-mistletoe-induced 
shifts in stomatal behavior and gas exchange to be most pro-
nounced during drier years because they would pose the most 
extreme evaporative demands (McCarroll and Loader 2004). 
The two wettest years per decade selected from 1980 to 2010 
included 1983, 1984, 1996, 1997, 2004 and 2010 and the 
dry years included 1987, 1989, 1992, 1999, 2006 and 2007. 
Each selected annual ring was separated with a razor blade and 
ground with a tissue homogenizer. All samples were extracted 
for alpha-cellulose. Oils and resins were removed with toluene–
ethanol and ethanol Soxhlet extractions (Leavitt and Danzer 
1993). Holocellulose was isolated by delignification in an acetic 
acid-acidified sodium chlorite solution and converted to alpha-
cellulose in sodium hydroxide (Sternberg 1989).

Approximately 0.8 and 0.4 mg of alpha-cellulose were 
packed in tin and silver capsules for C combustion and O pyrol-
ysis, respectively, for subsequent analysis by an isotope ratio 
mass spectrometer (IRMS). The C and O isotopic ratios were 

recorded as deviations per mil (‰) from the VPDB or VSMOW 
international standards, respectively.

Tree-ring cellulose from 5-year groupings was analyzed for 
δ13C at Oregon State University’s College of Earth, Oceanic, 
Atmospheric Sciences stable isotope laboratory. Samples were 
flash combusted using an elemental analyzer (NA 1500; Carlo 
Erba, Thermo Scientific, Waltham, MA, USA), and the resulting 
CO2 was analyzed by continuous-flow IRMS using a Delta Plus 
XL (Finnigan MAT, now Thermo Scientific, Waltham, MA, USA) 
mass spectrometer. Runs were calibrated daily using the inter-
national standards USGS40 (glutamic acid) and ANU sucrose. 
The typical error was ±0.1‰ or better as determined by 
repeated measures of internal quality control standards (IAEA-
600) and from sample replicates.

The δ13C and δ18O analyses of tree-ring cellulose from the 
selected wet and dry years were carried out at the University 
of California, Davis Stable Isotope Facility. Samples were ana-
lyzed for 13C using an elemental analyzer (PDZ Europa ANCA-
GSL, Sercon Ltd, Cheshire, UK) interfaced to an IRMS (PDZ 
Europa 20-20, Sercon Ltd). Samples were analyzed for 18O 
using a combined pyrolysis/elemental analyzer (PyroCube, 
Elementar Analysensysteme GmbH, Hanau, Germany) inter-
faced to an IRMS (PDZ Europa 20-20, Sercon Ltd). Glutamic 
acid and alanine internal laboratory standards were used for 
order correction, size correction and elemental amounts. IAEA-
601 and IAEA-602 benzoic acid were used for scale normal-
ization. The typical error was ±0.2‰ or better as determined 
by repeated measures of internal quality control standards and 
from sample replicates.

Theory and modeling

To remove the impact of variation of δ13Cair on δ13Ccell values 
over time, δ13Ccell values were converted to discrimination 
(Δ13C) using the following equation (Farquhar et al. 1982):

	
∆13

13 13

131
C

C � C
Ccell

air cell

cell
= −

+
δ δ

δ .
	

(1)

Values for δ13Cair were obtained from the Scripps CO2 Program 
(http://scrippsco2.ucsd.edu/) and McCarroll and Loader 
(2004). The Δ13C of photosynthate reflects diffusional and bio-
chemical fractionation against the heavier isotope during CO2 
fixation:

	
∆13C i

a
= + −( )a b a

c
c

,
	

(2)

where a is the fractionation effect associated with diffu-
sion of CO2 through stomata (4.4‰), b is the fractionation 
effect (27‰) associated with discrimination against 13C by 
the enzyme RUBISCO (ribulose bisphosphate carboxylase-
oxygenase) during C fixation (Farquhar et  al. 1982, 1989b) 
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and ci/ca is the weighted mean ratio of intercellular CO2 con-
centration (ci) to that in ambient air (ca). Although Eq. (2) is a 
simplified form that does not account for other fractionation 
effects, it is sufficient for this application as b = 27‰ allows for 
a reduction in fractionation caused by omitted terms (Cernusak 
et al. 2013). However, Δ13Ccell is higher (2–5‰) than that of 
the first products of photosynthesis due to other fractionation 
processes that occur during further metabolism (Leavitt and 
Long 1982). Nevertheless, tree-ring Δ13Ccell reflects factors that 
influence discrimination against 13C during photosynthetic CO2 
fixation. These factors include the biochemical capacity to fix 
CO2 (Amax), and the conductance to CO2 from the atmosphere 
to the sites of carboxylation, which includes the conductance 
to CO2 from the atmosphere to intercellular spaces through 
stomata (gs), as well as the conductance to CO2 from the inter-
cellular air spaces into the chloroplast through the mesophyll 
(gm). Together, these conductances influence ci and the CO2 
concentration at the sites of carboxylation (cc), respectively. 
Thus, Δ13C reflects the balance between the impacts of Amax 
and both gs and gm on C isotope discrimination, despite the 
fact that many models neglect the influence of gm because gs 
and gm are often assumed to be correlated (Seibt et al. 2008, 
Flexas et al. 2012).

To estimate the relative impact of gm on Δ13Ccell, we ana-
lyzed A–ci curves measured on upper canopy branches of 
uninfected and infected western hemlock trees (n = 3) from 
the same stand in 2002 (Meinzer et  al. 2004). The type of 
equation fit and parameters for infected and uninfected trees 
are shown in Table 2. The Sharkey et al. (2007) model was 
used to fit the A–ci curves and to determine gm.

Values of tree-ring δ18Ocell incorporate a signal imparted 
by the δ18O value of leaf water, which is mainly influenced 
by the δ18O value of xylem water and 18O enrichment at the 
sites of evaporation within the leaf (Craig and Gordon 1965, 
Dongmann et al. 1974). Under steady-state conditions,

	
δ δ δ δ18 18 18 18O O O O ,e s k v s k

a

i
= + + + − −ε ε ε* ( )

e
e 	

(3)

where δ18Oe, δ18Os and δ18Ov represent the O isotopic com-
position of leaf water at the site of evaporation, source water 
(−10.0‰) and atmospheric water vapor (−18.0‰), respec-
tively, ea/ei is the ratio of ambient vapor pressure to saturation 

vapor pressure within the leaf (affected by Tleaf), ε* is the equi-
librium fractionation between liquid water and vapor and εk is 
the kinetic fractionation factor of vapor diffusion from the leaf 
to the atmosphere. Values of δ18Os and δ18Ov were measured 
at the same site during 2003 (F.C. Meinzer and J.R. Brooks, 
unpublished data) and 2011 (C.T. Lai, unpublished data), 
respectively, and used in the modeling exercise to put bound-
aries on possible ranges of the other parameters over several 
decades encompassed in the tree-ring chronologies.

Leaf water isotopic heterogeneity can be explained further 
by the Péclet effect, which describes the ratio between the 
transpiration-induced mass flow (advection) of unenriched 
source water to the evaporative sites and the back diffusion 
of isotopically enriched water from the sites of evaporation 
(Farquhar and Lloyd 1993, Barbour 2007):

	
δ δ ℘

℘
18 18 1

O � O �
� �e �

lw e= − −( )
,
	

(4)

	
℘ = E L

C D
 
 

,
	

(5)

where δ18Olw is the steady-state isotopic enrichment of 
mean leaf lamina water, ℘ is the Péclet number describing 
the ratio of advection to diffusion, E is the leaf transpiration 
rate (mol m−2 s−1), L is the scaled effective path length (m) 
for water movement from the veins to the site of evaporation, 
C is the molar density of water (55.56 × 103 mol m−3) and D 
is the diffusivity of the heavy water isotopologue (H2

18O) in 
water (2.66 × 10−9 m2 s−1). L is defined as the product of two 
components: l, the actual distance of the water pathway from 
the xylem to the evaporative surface, and k, a scaling factor 
that accounts for the tortuosity of the path of water through 
a porous medium (Farquhar and Lloyd 1993, Barbour and 
Farquhar 2000, Cuntz et al. 2007).

Isotopic fractionation during the incorporation of the δ18Olw 
signal into cellulose of plant tissue is described by the follow-
ing equation (Barbour and Farquhar 2000):

	
δ δ18 18 1O Ocell lw ex x o= − +�( ) ,p p ε

	 (6)

where pex is the proportion of O atoms that exchange with 
source water during cellulose formation (0.4), px is the propor-
tion of unenriched water (xylem water) at the site of cellulose 
formation, which is equivalent to 1 for wood collected from the 
main trunk, and εo is a fractionation factor of +27‰ associated 
with the water/carbonyl interactions (Yakir and DeNiro 1990).

We used the Craig–Gordon model with the Péclet effect incor-
porated (Craig–Gordon Péclet model, Eq. (4), Barbour 2007) 
to estimate L for uninfected and infected trees using tree-ring 
δ18Ocell from 1999, mean growing season (May–September) 
daytime RH, Tair and Tleaf (where Tleaf = Tair + 1.5 °C), and gs 
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Table 2. ​ Parameters for A–ci curves determined for western hemlock 
trees uninfected and infected with dwarf mistletoe and described by 
the equation A y a bx= + − −� ( )0 1 e .

Uninfected Infected

y0 −6.9602 −3.3173
a 35.7206 18.1075
b 0.0019 0.002
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measured in 2002. Tleaf was assumed to be 1.5 °C greater than 
Tair because this is within the range that leaf temperature has 
often been shown to exceed air temperature in northern lati-
tudes in conifers and other species (Martin et al. 1999, Helliker 
and Richter 2008). Estimates of L calculated with Tleaf = Tair did 
not change the conclusions drawn from the results (data not 
shown). The year 2002 (when A–ci curves were collected) was 
not selected for C and O isotope analyses and 1999 was the 
year selected for C and O isotope analyses that was closest to 
2002 with similar climate conditions (Tair, RH, VPD; see Table 
S1 available as Supplementary Data at Tree Physiology Online). 
L was adjusted until the model prediction of δ18Ocell matched 
the observed δ18Ocell. Transpiration was estimated from gs mea-
sured diurnally (four to six sampling times/day, 0545–1640 h) 
on three branches of uninfected and infected western hemlock 
trees (n = 3) using a steady-state porometer (LI-1600; LiCor 
Inc., Lincoln, NE, USA) on 4 days during the 2002 growing 
season (see Figure S1 available as Supplementary Data at Tree 
Physiology Online) assuming that E of leaves enclosed in the 
ventilated porometer chamber reflected E of unenclosed leaves 
because the humidity balance point was set at the ambient value 
prior to each measurement and Tleaf in the chamber was close to 
Tair. The porometer measurements of gs and E were therefore not 
independent because gs was calculated based on E.

We also used the Craig–Gordon model with the Péclet 
effect to conduct a sensitivity analysis for values of gs that 
would be required to yield the observed differences in δ18Ocell 
between uninfected and infected trees at the values of L esti-
mated for uninfected and infected trees. Climate variables 
(RH = 70% and Tair = 17 °C) when gs was at its daily maximum 
(≅70 mmol m−2 s−1; see Figure S1 available as Supplementary 
Data at Tree Physiology Online) were kept constant.

Statistical analyses

Simple linear regression was used to determine the slope 
and intercept of RBAI and Δ13Ccell vs year, Δ13Ccell vs δ18Ocell, 
and Δ13Ccell, δ18Ocell, and ring-width indices vs climate vari-
ables. Extra sum-of-squares F-tests were used to determine 
whether there was a significant interaction between group and 
year on RBAI, Δ13Ccell and δ18Ocell. To determine differences 
in RBAI, Δ13Ccell and δ18Ocell between uninfected and infected 
trees, repeated-measures analysis was used with a compound 
symmetry correlation structure with tree as a grouping factor 
(significance level was P ≤ 0.05). The model of best fit was 
selected based on Bayesian information criterion (BIC) values. 
Relative basal area increment was log transformed to meet 
model assumptions of equal variance and normality. However, 
for ease of interpretation, we present back-transformed data in 
results and figures. A two-sample t-test compared mean differ-
ences in tree diameter, height, age, Δ13Ccell, δ18Ocell, L, gm and gs 
between groups and Δ13Ccell and δ18Ocell between wet and dry 
years. Statistical analyses were conducted in SigmaPlot 12.3 

(Systat Software, San Jose, CA, USA) and R version 2.15.2 
(2012–10–26, The R Foundation for Statistical Computing). 
Error bars represent one standard error (SE).

Results

For the period 1876–2010, there was a significant interaction 
between group (i.e., uninfected and infected trees) and year 
on RBAI (P = 0.0015, Figure 1a) but not on Δ13Ccell (P = 0.29, 
Figure 1b). The intercept (at year 1876) and rate of decline in 
RBAI in infected trees were significantly greater than those of 
uninfected trees (P = 0.002, 0.002, respectively, not shown). 
Relative basal area increment of infected trees was significantly 
greater than that of uninfected trees during 1886–90, 1956–
60 and 1966–70 (P = 0.02, 0.01, 0.001, Figure 1a), while dur-
ing 2006–10, infected trees had significantly lower RBAI than 
uninfected trees (P = 0.005, Figure 1a).

Infected trees had significantly greater Δ13Ccell than unin-
fected trees during 1996–2000 and 2006–10 (P = 0.01, 
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Figure 1. ​ Mean ± SE of (a) 5-year RBAI and (b) 5-year Δ13Ccell of unin-
fected (closed circles, n = 9) and infected (open circles, n = 8) trees 
for the period 1876–80 to 2006–10. Asterisks represent significant 
differences in repeated-measures analysis of variance (P ≤ 0.05) 
between uninfected and infected trees.
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0.03, Figure 1b). Mean Δ13Ccell of uninfected trees was sig-
nificantly lower in 2006–10 than in 1876–80 (P = 0.002), 
whereas Δ13Ccell of infected trees did not display this trend 
over time (P = 0.7). Mean Δ13Ccell of uninfected trees dis-
played a significant positive linear relationship with mean RBAI 
(P = 0.001, r2 = 0.6, Figure 2). However, no significant relation-
ship was found between RBAI and Δ13Ccell of infected trees 
(P = 0.3, Figure 2), largely because of high Δ13Ccell values in 
infected trees for the last few decades when RBAI was low. 
Contrary to expectations, correlations between ring widths and 
growing season climate variables were not significant for either 
group (see Table S2 available as Supplementary Data at Tree 
Physiology Online).

Analyses of Δ13Ccell and δ18Ocell for selected wet and dry 
years (Figure 3a and b) for the period 1980–2010 showed 
no interaction between group and year on Δ13Ccell and δ18Ocell 
of selected years (P > 0.05). Δ13Ccell and δ18Ocell values were 
not significantly different between wet and dry years for either 
group (P > 0.05). Consistent with the long-term 5-year Δ13Ccell 
results (Figure 1b), infected trees had significantly greater 
mean Δ13Ccell across all selected years during 1980–2010 
where mean Δ13Ccell was 16.5 ± 0.06‰ for uninfected trees 
and 17.8 ± 0.06‰ for infected trees (P < 0.001, Figure 3c).

Contrary to expectations that δ18Ocell would be simi-
lar between groups, infected trees had significantly lower 
δ18Ocell than uninfected trees across all selected years during 
1980–2010, where mean δ18Ocell was 26.0 ± 0.5‰ for unin-
fected trees and 23.8 ± 0.2‰ for infected trees (P = 0.003, 
Figure 3d). This trend was consistent in growth rings laid down 
in 1999, a year with similar climate conditions to 2002 (see 
Table 1 available as Supplementary Data at Tree Physiology 
Online) for which physiological data were available (see 
Figure S1 available as Supplementary Data at Tree Physiology 
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Figure 2. ​ Mean ± SE of 5-year Δ13Ccell in relation to RBAI of unin-
fected (n = 9) and infected trees (n = 8) for the period 1876–80 to 
2006–10. RBAI and Δ13Ccell were positively related in uninfected trees 
(P = 0.001, r2 = 0.6) but not in infected trees.

Figure 3. ​ (a) Mean daytime (0630–1930 h) VPD, and (b) mean pre-
cipitation during the growing season (DOY 121–274) at the Wind River 
Field Station for two wet and two dry years per decade during the 
period 1980–10. Mean ± SE of (c) Δ13Ccell and (d) δ18Ocell of unin-
fected (n = 6) and infected (n = 6) trees for the 12 years represented 
in (a) and (b).
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Online and A–ci curves, Figure 6 in Meinzer et al. 2004). In 
1999, mean δ18Ocell was 25.4 ± 0.6‰ for uninfected trees and 
22.9 ± 0.2‰ for infected trees (Table 3), despite diurnal gs 
measured in 2002 (see Figure S1 available as Supplementary 
Data at Tree Physiology Online) and therefore E not being 
significantly different between uninfected and infected trees 
(P = 0.36).

If differences in E and gs were not likely responsible for the 
changes in δ18Ocell we observed, and source water and climate 
variables were the same between the two groups, the last 
possible variable in Eq. (5) was L, the effective path length. 
Infected trees had significantly lower gm than uninfected trees 
(Table 3) based on 2002 gas exchange measurements (see 
A–ci curves in Figure 6 in Meinzer et al. 2004), suggesting the 
presence of internal differences in leaf structure that could also 
influence L. Using the 2002 measured gs (see Figure S1 avail-
able as Supplementary Data at Tree Physiology Online), climate 
variables (Tair and RH; see Figure S1 and Table S1 available as 
Supplementary Data at Tree Physiology Online) and the 1999 
δ18Ocell (Table 3) in the Craig–Gordon Péclet model, we esti-
mated that L in infected trees was approximately three times 
greater than that in uninfected trees (P ≤ 0.05, Table 3).

Also contrary to expectations, values between wet and dry 
years (Figure 3a and b) for both Δ13Ccell and δ18Ocell were simi-
lar within uninfected and infected groups (P = 0.20–0.94). 
Nevertheless, for the uninfected trees, correlations between 
Δ13Ccell and growing season Tair, RH and VPD were signifi-
cant (see Table S3 available as Supplementary Data at Tree 
Physiology Online). For the infected trees, correlations between 
Δ13Ccell and growing season climate variables were not signifi-
cant (see Table S3 available as Supplementary Data at Tree 
Physiology Online). Correlations between δ18Ocell and grow-
ing season climate variables were not significant for either 
group (see Table S3 available as Supplementary Data at Tree 
Physiology Online).

There was a significant negative linear relationship between 
mean Δ13Ccell and δ18Ocell across uninfected and infected trees 
(P < 0.001, r2 = 0.68, Figure 4), although within each group 
the relationship was not significant for either group (P = 0.6 
and 0.8 for uninfected and infected trees, respectively).

The sensitivity analysis (Figure 5) predicted that for L values 
of 0.354 m estimated for infected trees and 0.118 m estimated 
for uninfected trees, gs of infected trees would have to be 175–
200 mmol m−2 s−1, more than twice as high as the measured 
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Table 3. ​ Tree-ring Δ13Ccell and δ18Ocell for the year 1999, field measurements of gs, and estimates of gm and L of western hemlock trees uninfected 
and infected with dwarf mistletoe. Values are means (±SE). Values followed by different letters within each column differ significantly at P ≤ 0.05, 
n = 3–6.

Condition Δ13Ccell (‰) δ18Ocell (‰) gs (mmol m−2 s−1) gm @ Tleaf (mmol m−2 s−1) L (m)

Uninfected 16.8 ± 0.2a 25.4 ± 0.6a 29.2 ± 1.9a 56.0 ± 1.7a 0.12 ± 0.03a
Infected 18.1 ± 0.2b 22.9 ± 0.2b 33.4 ± 2.7a 39.1 ± 5.3b 0.35 ± 0.02b

Figure 4. ​ Mean ± SE δ18Ocell in relation to Δ13Ccell of uninfected (n = 6) 
and infected (n = 6) trees for six wet and six dry years during the 
period 1980–2010. Δ13Ccell and δ18Ocell were negatively related across 
uninfected and infected trees (P < 0.001, r2 = 0.68), although within 
each group, the relationship was not significant for either group 
(P = 0.6, 0.8).

Figure 5. ​ Modeled relationship between gs and the resulting difference 
in δ18Ocell between uninfected control trees (gs = 70 mmol m−2 s−1) 
and infected trees following Eq. (3–6). Curved lines represent esti-
mated effective path lengths (L) for infected (0.354 m) and uninfected 
(0.118 m) trees. The horizontal line represents the observed differ-
ence in δ18Ocell between uninfected and infected trees. The simula-
tion predicts that for the range of L shown, gs of infected trees would 
have to be more than twice as high as the measured maximum daily 
gs, 175–200 mmol m−2 s−1, to account for the observed difference in 
δ18Ocell between the two groups.
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maximum daily gs (70 mmol m−2 s−1; see Figure S1 available 
as Supplementary Data at Tree Physiology Online), to account 
for the observed 2.5‰ difference in δ18Ocell between the two 
groups (horizontal line, Figure 5).

Discussion

The integrated effects of long-term dwarf mistletoe infection 
on host western hemlock trees were recorded in the radial 
growth, Δ13Ccell and δ18Ocell of tree-rings. The radial growth and 
Δ13Ccell trajectories described the intensification of dwarf mis-
tletoe infection throughout host tree crowns. During the most 
recent decades, heavily infected western hemlock trees had 
lower RBAI and greater Δ13Ccell than uninfected trees, consis-
tent with previous studies of the effects of dwarf mistletoe on 
host radial growth and physiology (Meinzer et al. 2004, Shaw 
et al. 2008, Logan et al. 2012). However, the significantly lower 
δ18Ocell in infected than uninfected trees was not explained by 
elements of O isotope theory that attribute variation in δ18Ocell 
to factors such as climate, source water and transpiration. This 
was also not explained by the dual-isotope approach typically 
used to estimate relative stomatal limitation of A using relation-
ships between Δ13Ccell and δ18Ocell. Because dwarf mistletoe 
has been shown to impact host water relations and hydraulic 
architecture (Meinzer et al. 2004), and leaf size and anatomy 
(Reblin et al. 2006, Chhikara and Ross Friedman 2008), we 
used the Craig–Gordon Péclet model and A–ci curves to esti-
mate L and gm speculating that these leaf internal parameters 
could be driving the observed δ18Ocell patterns.

Growth and Δ13Ccell

The combination of radial growth and Δ13Ccell analyses illus-
trated the initial intensification of dwarf mistletoe infection in 
tree crowns and the cumulative impact of the infection through 
time (Figure 1). The RBAI of trees that became infected 
declined more rapidly than in trees that remained uninfected, 
suggesting that symptoms such as branch dieback and sub-
sequent reductions in leaf area, needle N content and Amax 
resulted in reduced radial growth as dwarf mistletoe intensi-
fied in the crown through time and persisted as a nutrient sink 
(Flanagan et al. 1993, Marshall et al. 1994a, 1994b, Cernusak 
et  al. 2004, Meinzer et  al. 2004, Bickford et  al. 2005). By 
2006–10, the RBAI of infected trees was significantly lower 
than that of uninfected trees, consistent with other reports of 
reduced radial growth in severely infected trees (Shaw et al. 
2008, Logan et al. 2012).

Trajectories of RBAI indicated that infected trees were grow-
ing faster than uninfected trees prior to becoming infected 
(Figure 1a). Consistent with this observation, Shaw et  al. 
(2005) and Stanton (2007) hypothesized that larger, more 
vigorously growing trees are more likely to become infected. 
This may be due to the presence of a greater amount of branch 

area to intercept seed rain from explosive dehiscence and from 
animal vectored dispersal (Geils and Collazo 2002). Larger 
trees also intercept more sunlight than smaller mid-story trees, 
satisfying high light requirements for aerial shoot production 
(Shaw and Weiss 2000). Host Pinus ponderosa water and 
nutrient status has been shown to be positively correlated with 
dwarf mistletoe (Arceuthobium vaginatum subsp. cryptopodum) 
growth, suggesting that dwarf mistletoe robustness initially 
depends on host vigor (Bickford et  al. 2005). Larger, more 
vigorously growing trees are more likely to survive longer with 
the dwarf mistletoe infection and become heavily infected.

Significantly greater RBAI of infected trees in 1956–60 and 
1966–70 (Figure 1a) may have been associated with the for-
mation of witches’ brooms and a transient increase in host 
photosynthetic leaf area (Sala et al. 2001) resulting in greater 
radial growth than that observed in uninfected trees. The for-
mation of witches’ brooms is believed to be due to dwarf-
mistletoe-induced alterations in growth-regulating hormones 
such as cytokinins (Logan et  al. 2012). However, needle 
loss ultimately occurs downstream from the localized infec-
tions apparently as a result of hydraulic occlusions caused by 
sinkers and haustorial connections (Wilson and Calvin 1996, 
Meinzer et  al. 2004). Although needle shedding appears 
to compensate for this hydraulic bottleneck by maintaining 
leaf-specific conductivity, interception of N by the mistletoe 
reduces the photosynthetic capacity of the remaining needles 
(Meinzer et  al. 2004). Consequently, the remaining foliage 
would not be able to support the respiratory demands of the 
increased branch area and volume of witches’ brooms, result-
ing in cumulative branch dieback that contributes to signifi-
cant reductions in radial growth observed in trees with severe 
long-term infections.

Concurrent with significantly lower radial growth in 2006–
10 in infected than uninfected trees, Δ13Ccell was signifi-
cantly greater in infected trees during 2006–10 (Figure 1b). 
Because gs was not significantly different between the two 
groups (see Figure S1 available as Supplementary Data at 
Tree Physiology Online), the greater Δ13Ccell in infected trees 
(Figure 1b) was presumably caused by an increase in cc likely 
due to significantly lower needle N content and lower Amax 
measured in heavily infected western hemlock trees rela-
tive to uninfected trees in this stand (Meinzer et  al. 2004). 
Climate-related changes in gs did not have an appreciable 
effect on Δ13C due to diminished Amax, explaining the lack of 
significant relationships between climate variables and Δ13C 
in infected trees (see Table S3 available as Supplementary 
Data at Tree Physiology Online). Needles of trees infected 
with dwarf mistletoe have also been shown to have greater 
Δ13C values than those of uninfected trees (Sala et al. 2001, 
Meinzer et al. 2004, Logan et al. 2012), demonstrating that 
fractionation events that influence Δ13C at the leaf level are 
reflected in Δ13Ccell of tree-rings (Leavitt and Long 1982). 
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Interestingly, these concurrent differences in RBAI and Δ13Ccell 
between groups in tree-rings did not become apparent until 
1996–2000 and 2006–10, suggesting that several decades 
were required for the effects of dwarf mistletoe on the physi-
ology of infected trees to be recorded in tree-rings. In previ-
ous work at the Wind River site, Shaw et al. (2008) found that 
the growth rates of lightly and moderately infected western 
hemlock trees did not significantly differ from those of unin-
fected trees, but the growth rates of severely infected trees 
were 16–46% lower than those of uninfected trees.

Generally, Δ13C of leaf tissue and thus Δ13Ccell decrease 
with increasing tree height (Woodruff et al. 2009, McDowell 
et al. 2011). Since RBAI also decreases with increasing tree 
size and height, tree-ring Δ13Ccell should decrease concur-
rently. Only uninfected trees displayed the expected relation-
ship between Δ13Ccell and RBAI (Figure 2). In severely infected 
trees, significantly greater tree-ring Δ13Ccell between 1980 and 
2010 (Figure 3) caused the relationship between Δ13Ccell and 
RBAI to deviate from the expected relationship observed in 
uninfected trees (Figure 2).

The biology and development of the pathogen make it 
almost impossible to determine an exact year when trees were 
infected. Arceuthobium tsugense produces localized infections 
only in branches on which its seeds germinate and the plants 
become established. Therefore, it takes years/decades for  
A. tsugense to mature and disperse its seed to gradually infect 
nearly the entire crown. We can speculate that the infected 
trees we studied reached that critical threshold when Δ13Ccell 
of infected trees became significantly greater than that of unin-
fected trees in 1996–2000. However, it is well documented 
(Shaw et al. 2005, 2008) that dwarf mistletoe can take several 
decades before trees are considered severely infected enough 
to reach a DMR of 6. Thus, the DMR 6 trees in our study could 
have been initially infected before or during 1946–50 despite 
no significant difference in RBAI or Δ13Ccell.

δ18Ocell

Variation in δ18Ocell can be explained by environmental condi-
tions (e.g., source water and RH) and leaf physiological (gs and 
E) and structural characteristics (e.g., L, gm). However, using 
the dual-isotope approach (Scheidegger et  al. 2000), differ-
ences in δ18Ocell across treatment groups under similar envi-
ronmental conditions are interpreted as being driven largely 
by changes in gs because gs regulates E, evaporative enrich-
ment of leaf water and thus δ18Ocell. Therefore, we had hypoth-
esized that δ18Ocell of infected and uninfected trees would not 
differ because field measurements showed that gs of these 
co-occurring trees was not significantly different (see Figure 
S1 available as Supplementary Data at Tree Physiology Online). 
Contrary to our hypothesis, infected trees had significantly 
lower δ18Ocell than uninfected trees regardless of fluctuations in 
climate (Figure 3), and measurements of gs were not different 

between the groups (Table 3). To explain the unexpected dif-
ferences in δ18Ocell between uninfected and infected groups, 
we used the Craig–Gordon Péclet model to estimate values 
of L of uninfected and infected trees that would result in their 
observed differences in δ18Ocell. Our results suggested that leaf 
structural characteristics (e.g., L, gm) rather than gs, climate 
or differences in how trees responded to climate may explain 
the observed variation in δ18Ocell. Our estimated values of L 
for uninfected and infected trees (Table 3) are consistent with 
previously published values of L for conifers (Song et al. 2013). 
The sensitivity analysis of gs and δ18Ocell at the estimated values 
of L (Figure 5) suggests that to yield the observed differences 
in δ18Ocell between groups, values of gs for infected trees would 
have to be unrealistically high compared with those measured 
in large, old-growth trees of western hemlock and other coni-
fers. Typical values of gs of old-growth western hemlock mea-
sured in this stand range from 36 to 156 mmol m−2 s−1 (J.M. 
Warren, unpublished data), consistent with measured gs values 
in Figure S1 available as Supplementary Data at Tree Physiology 
Online. In contrast to the measured values of gs, the simulation 
predicted that for the range of L shown, gs of infected trees 
would have to be 175–250 mmol m−2 s−1 to account for the 
observed 2.5‰ difference in δ18Ocell between the two groups 
(Figure 5). Thus, the sensitivity analysis in addition to field 
measurements of gs at the study site suggested that differ-
ences in gs were not the primary drivers behind the differences 
in δ18Ocell between uninfected and infected trees.

Many studies using the dual-isotope approach have attrib-
uted variation in δ18Ocell to tree responses to climatic variables 
such as RH and VPD (Saurer et  al. 1997, Scheidegger et  al. 
2000, Barbour et al. 2002), thinning and fertilization treatments 
that altered crown microclimate (Brooks and Coulombe 2009, 
Brooks and Mitchell 2011), and seasonal changes in precipi-
tation (Roden and Ehleringer 2007). However, we ruled out 
differences in source water and microclimate as major drivers 
behind the observed differences in δ18Ocell because uninfected 
and infected trees were growing in the same stand and experi-
encing similar environmental conditions over time. Furthermore, 
the differences between groups were consistent regardless of 
annual climatic variations (Figure 3). The trees sampled were 
also similar in age and size at the time of the study (Table 1) 
and were infected decades after root systems were developed. 
Therefore, it is unlikely that uninfected and infected trees were 
accessing water at different depths (Brooks et al. 2006).

In addition, ring-width indices and δ18Ocell were not signifi-
cantly correlated with climate variables for either group (see 
Tables S2 and S3 available as Supplementary Data at Tree 
Physiology Online). This result implies that the majority of pho-
tosynthate eventually incorporated into tree-ring cellulose was 
fixed into sugars when gs was highest prior to substantial diur-
nal decreases in RH and increases in VPD and Tair (see Figure 
S1 available as Supplementary Data at Tree Physiology Online). 

604  Marias et al.

 at O
regon State U

niversity on Septem
ber 22, 2014

http://treephys.oxfordjournals.org/
D

ow
nloaded from

 

http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpu046/-/DC1
http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpu046/-/DC1
http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpu046/-/DC1
http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpu046/-/DC1
http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpu046/-/DC1
http://treephys.oxfordjournals.org/


Tree Physiology Online at http://www.treephys.oxfordjournals.org

At high RH and therefore low evaporative demand, 18O enrich-
ment is relatively insensitive to large variation in gs (Barbour 
and Farquhar 2000). This is consistent with the lack of relation-
ship between Δ13Ccell and δ18Ocell within each group (Figure 4) 
and with field measurements of gs (see Figure S1 available 
as Supplementary Data at Tree Physiology Online), suggesting 
that infected trees lacked stomatal adjustment in response to 
reduced Amax (Meinzer et al. 2004).

After ruling out climate and gs as primary drivers behind 
the significant difference in δ18Ocell between uninfected and 
infected trees, we considered gm and L, which are related to 
leaf anatomical characteristics that impact both parameters as 
CO2 and H2O have overlapping pathways in the leaf (Ferrio 
et al. 2012). Few studies have quantified the effects of dwarf 
mistletoe on host leaf anatomy. Chhikara and Ross Friedman 
(2008) found that vascular bundles of Pinus contorta needles 
downstream of dwarf mistletoe infections were positioned 
significantly closer together than in needles of uninfected 
trees, but the implications of these findings for species such 
as western hemlock whose needles contain a single vascular 
bundle are unclear. Previous work has shown that gm is posi-
tively correlated with Amax under non-saturating CO2 concentra-
tions (Flexas et al. 2008), consistent with lower Amax and gm 
observed in infected western hemlock trees (Table 3, Meinzer 
et al. 2004). L accounts for both the length and tortuosity of 
the pathway of water movement from the xylem to the evapo-
rative sites, which influences evaporative enrichment of leaf 
water and ultimately δ18Ocell (Kahmen et al. 2008, Ferrio et al. 
2012, Song et al. 2013). Because the transport pathways for 
CO2, water vapor and liquid water overlap, it is not surprising 
that estimates of L and gm are inversely related (Ferrio et al. 
2012), consistent with our findings that infected trees had esti-
mated values of L roughly three times greater than uninfected 
trees and values of gm that were ~34% lower than uninfected 
trees (Table 3).

These findings suggest that differences between infected 
and uninfected trees in leaf characteristics related to L and 
gm were stronger drivers of differences in δ18Ocell than varia-
tion in gs, E and related environmental drivers, consistent with 
previous work (Kahmen et al. 2008, Ferrio et al. 2012, Song 
et  al. 2013). The degree of coordination between gm and gs 
and the relative contribution of gm to the limitation of Amax and 
its co-regulation with gs must be considered when interpreting 
Δ13Ccell and WUE, often used to predict how trees may respond 
to future shifts in climate (Sangüesa-Barreda et  al. 2013). 
Additional investigations of the relationship between L and gm 
may improve interpretations of the physiological and structural 
attributes that contribute to variation in Δ13Ccell and δ18Ocell. 
Future studies should investigate the effect of the dwarf mistle-
toe infection on leaf anatomical characteristics that influence 
L and gm such as mesophyll cell wall thickness and the posi-
tioning of vascular bundles in relation to sites of evaporation 

as well as direct measurements of leaf water enrichment in 
co-occurring uninfected and infected trees (Terashima et  al. 
2006, Lambers et al. 2008).

Conclusions

Combined trends of radial growth and Δ13Ccell were useful met-
rics for tracking the intensification of the dwarf mistletoe infec-
tion through time, particularly for detecting the threshold at 
which trees displayed significant physiological impacts of the 
infection. Because impacts of the infection on radial growth 
and Δ13Ccell were evident only at advanced stages of infection, 
we could not identify exactly when trees became infected. 
Although the dual-isotope approach is a useful tool, our results 
also point to the limitations of the dual-isotope approach 
(Scheidegger et  al. 2000) for identifying sources of varia-
tion in ci/ca and therefore Δ13Ccell (Roden and Farquhar 2012, 
Roden and Siegwolf 2012) because it does not account for the 
physiological effects of pathogens or variation in leaf anatomi-
cal characteristics that affect L and gm, and ultimately δ18Ocell 
in the absence of changes in gs. Our findings have important 
implications for reconstructing tree responses to climate fluc-
tuations because undetected dwarf mistletoe or other patho-
gens that modify leaf anatomy and functioning may imprint 
an unknown degree of variability on stable isotope signatures 
presumed to be driven by climatic variation. Studies integrating 
leaf to whole-tree physiology will improve our understanding 
of the western hemlock–dwarf mistletoe system from the tree 
to the canopy, especially because ecosystem-scale effects of 
dwarf mistletoe are still being explored (Watson 2001, Shaw 
et al. 2004, Bell and Adams 2011, Way 2011).

Supplementary data

Supplementary data for this article are available at Tree 
Physiology online.
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