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Abstract
Water stress integral (WSI) is a method of assessing cumulative plant water stress over 
a chosen period of time. While the technique has been used in other tree species, it has 
not been applied for reforestation projects. In this study we used the WSI approach for 
newly planted Douglas-fir in the Pacific Northwest (USA), where the Mediterranean cli-
mate, plant community development, and competition for water all play key roles in the 
success of establishment efforts. In this study, previously reported seedling growth, xylem 
water potential, and soil moisture data were utilized to provide direct correlations between 
Douglas-fir productivity, soil water availability and WSI. For each growing season, a 
strong relationship between WSI and volume growth as well as a strong linear relationship 
between WSI and soil moisture measured during mid-August was found. On average, for 
each reduction of 0.01 cm3 cm−3 in soil moisture measured during mid-August, Douglas-fir 
seedling volume growth decreased by 5.6 and 7.7% in the first and second growing sea-
sons, respectively. Preserving soil moisture until early-August through the judicial appli-
cation of vegetation management regimes was critical for maximizing stand productivity. 
Based on these results, a single evaluation of soil volumetric water content during early-
August can be used as a predictor of stand productivity during the initial two seasons of 
forest establishment.
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Introduction

Competition between newly planted seedlings and the surrounding vegetation community 
(native or invasive) is a major process limiting seedling growth and survival (Balandier 
et al. 2006; Wagner and Robinson 2006). Vegetation management treatments create a tem-
poral reduction in the amount of competing vegetation that increases water, nutrient, and 
light availability (Balandier et al. 2006; Eyles et al. 2012) allowing crop seedlings to better 
capture site resources. This reduction in competition has been shown to increase the sur-
vival and growth of various tree species (Adams et al. 2003; Albaugh et al. 2004; Wagner 
et al. 2006; Little et al. 2007; Jokela et al. 2010) including Douglas-fir (Newton and Preest 
1988; Rose et al. 2006; Dinger and Rose 2009). Chemical forest vegetation management 
(FVM) treatments are a key tool used by managers to successfully establish plantations. 
Common chemical vegetation control treatments include an herbicide application during 
fall prior to planting (fall site preparation) followed by one or more years of post-planting 
herbicide application during spring (spring release) (Balandier et  al. 2006; Wagner and 
Robinson 2006). The magnitude of responses to FVM treatments depends on crop tree spe-
cies, vegetation composition, site characteristics (soil and climate) and type of vegetation 
control treatment applied (Balandier et al. 2006).

There have been several FVM studies in plantations that have reported data from eco-
physiological measurements (Sands and Nambiar 1984; Nambiar and Sands 1993; Albaugh 
et al. 2004, 2015; Watt et al. 2003, 2007; Eyles et al. 2012). In the Pacific Northwest United 
States (PNW), there are also examples of such studies on conifer reforestation (Newton and 
Preest 1988; Powers and Reynolds 1999; Mason et al. 2007; Dinger and Rose 2009, 2010; 
Maguire et al. 2009; Pinto et al. 2012). These studies concluded that competition for water 
plays a crucial role in crop seedling growth and survival. While this body of literature has 
described treatment effects on gas exchange, soil moisture and xylem water potential, eco-
physiological methods need to couple tree growth and survival with these measurements of 
plant water relations. The combination of tree ecophysiological traits with growth would 
provide a more mechanistic understanding of treatment efficacy and improve applicability 
of predictive models.

Even though xylem water potential has been widely used as an index of water stress 
(Waring and Cleary 1967; Sands and Nambiar 1984), it only represents a snap shot of plant 
water stress at the time of measurement and no clear relationships have been developed 
between whole-season seedling productivity and single measurements of xylem water 
potential. One of the few examples of direct relationships between xylem water potential 
and seedling growth was reported by Watt et al. (2003). In that study, the authors reported 
a strong relationship between two monthly average needle water potential and biomass 
growth for Pinus radiata seedlings. One index of cumulated plant water stress throughout 
the growing season is the Water Stress Integral (WSI), which corresponds to the summa-
tion of pre-dawn xylem water potential measurements over a chosen period of time (Myers 
1988). WSI has been shown to be well-correlated with productivity (Hanson et al. 2001; 
Fernandez et al. 2010; De la Rosa et al. 2016), mortality (Hanson et al. 2001; Nepstad et al. 
2007) and has been used for irrigation management and modeling in agricultural crops 
(Ballester et al. 2013; Brillante et al. 2016). While WSI has been used to describe water 
relations in some tree species (Myers 1988; Myers and Landsberg 1989; Nepstad et  al. 
2007), the concept has not been applied to growth and survival of newly established forest 
plantations. In this study, we utilize the WSI approach to quantify the links between cumu-
lative water stress and growth in a newly established Douglas-fir plantation in the PNW.
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The Vegetation Management Research Cooperative (VMRC) at Oregon State University 
(OSU) developed a study that quantified the impact of six herbaceous vegetation control 
regimes on Douglas-fir seedling growth, xylem water potential and soil moisture availabil-
ity during the first two growing seasons (Dinger and Rose 2009, 2010). Results indicated 
that the initial fall-spring vegetation management regimes which reduced competitive plant 
cover below 20%, improved soil moisture conditions and plant water relations, increas-
ing Douglas-fir seedling growth. There is an opportunity to further analyze these datasets 
within the context of WSI in order to provide direct correlations between Douglas-fir pro-
ductivity, xylem water potential, and soil water availability.

The overall objective of this study was to utilize WSI as a tool to quantitatively link 
Douglas-fir seedling water status and growth. The specific objectives of this study were to: 
(1) quantify seasonal dynamics in WSI on Douglas-fir seedlings growing under contrast-
ing vegetation management regimes applied during stand establishment, (2) correlate WSI 
with seedling growth during the first two growing seasons after planting, and (3) determine 
if pre-dawn water potential and soil moisture measured at some point during the dry season 
can be used as a surrogate for seasonal WSI and volume growth.

Materials and methods

Experimental design, treatments and site characteristics

The Evaluating Common Regimes study contains six vegetation management treat-
ments (Table 1) arranged in a randomized complete block design with four replications on 
24.4 × 24.4 m treatment plots. Douglas-fir seedlings (bareroot 1 + 1) were planted on Febru-
ary 25, 2006 at a spacing of 3.05 × 3.05 m. Measurements of seedling height and diameter at 
ground-line were taken one month after planting (March 2006) and at the end of the first two 
growing seasons (October 2006 and October 2007) in the central 18.3 × 18.3 m measurement 
plots allowing for a one tree buffer on all sides. The study area was surrounded by a perimeter 
fence prior to planting in order to protect seedlings from ungulate browse damage. The aver-
age precipitation is 1450 mm, with only 110 mm occurring between July and September. Soils 
are fine-loamy, mixed, mesic xeric Palehumults with an argillic horizon at 50–70 cm depth 

Table 1  Description of treatment regimes tested

Fall site preparation is pre-planting herbicide application during previous fall. Spring release is post-plant-
ing herbicide application during early in the growing season (spring). Further details about the treatment 
regimes can be found in Dinger and Rose (2009)

Treatment Year 1 (2006) Year 2 (2007)

1 No control No control
2 Fall site preparation No control
3 Fall site preparation Spring release
4 Fall site preparation, spring release Spring release
5 Fall site preparation, spring release, glyphosate release Spring release
6 Fall site preparation, spring release, glyphosate release Spring release, 

glyphosate 
release
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(Dinger and Rose 2009). A more detailed description of the full suite of measurements taken 
at this study site can be found in Dinger and Rose (2009, 2010).

Seedling growth and vegetation cover

Stem volume  (dm3) was computed from measurements of ground-line diameter and height, 
using the formula for a cone. After summing the stem volume of all living seedlings, volume 
per hectare  (dm3 ha−1) was determined on each measurement plot. Volume growth per grow-
ing season  (dm3 ha−1 year−1) was calculated as the difference between volume per hectare at 
the beginning and at the end of each growing season. Percent cover by species was visually 
determined using seven 1-m radius vegetation survey sub-plots (n = 168) on 19 July 2006 
and 16 August 2007. Vegetative growth habit according to six categories was then assigned 
to each species found during these surveys (i.e. forb, fern, graminoid, shrub, vine/shrub, and 
tree).

Xylem water potential and soil moisture

Xylem water potential (Ψ, MPa) was measured using a portable pressure chamber (PMS 600; 
PMS Instruments Co., Oregon, USA) biweekly from May to October in 2006 and 2007. Two 
seedlings per plot were measured at pre-dawn (4:00–6:00) and midday (12:00–14:00). For the 
purposes of this analysis, only the pre-dawn xylem water potential (ΨPD) measurements were 
used. On each selected seedling, one branch tip of 8 cm length was cut from the middle third 
of a randomly selected seedling’s crown. Seedlings were only sampled on one date to avoid 
excessive loss of foliage.

On the same dates when xylem water potential was measured, soil volumetric water con-
tent (θv,  cm3 cm−3) was assessed on seven random points associated with the vegetation sur-
vey sub-plots occurring in each treatment plot. A time domain reflectometry (TDR) soil mois-
ture probe (Hydrosense CS620, Spectrum Technologies, Illinois, USA) with 20 cm prongs 
was used to vertically measure θv in the upper soil profile. Soil moisture estimates using the 
TDR probe were calibrated for the study site using soil cores taken on all treatment plots dur-
ing the 2006 growing season. The developed calibration curve was reported by Dinger and 
Rose (2009). An automatic weather station (HOBO H21-002; Onset Computer Corporation, 
Massachusetts, USA) was used to collect weather data, including air temperature, relative 
humidity, wind speed, solar radiation and rainfall.

Following Myers (1988), water stress integral (WSI, MPa day) was computed as the sum-
mation of ΨPD on each day during the period of interest (May to October). WSI was calculated 
using 12 ΨPD measurements in 2006 and 9 ΨPD measurements in 2007 at intervals of n days 
as follows:

where Ψi,i+1 is the mean ΨPD for any interval i,i+1, c is the datum value or maximum (less 
negative) ΨPD measured, and n is the number of days in each interval.

WSI =
∑

(Ψi,i+1 − c) ⋅ n
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Data analysis

Analysis of variance including Fisher’s protected least significant difference t test was used 
to test the effects of treatments on plot means of seasonal stand volume growth, vegeta-
tion cover percent, volumetric water content and xylem water potential (PROC GLM; SAS 
Institute Inc., Cary, NC, USA).

In order to develop equations that could be evaluated in the field and applied opera-
tionally, the relationship between WSI and ΨPD was tested at different dates between May 
and October of each growing season. Furthermore, ΨPD is difficult to measure so further 
analysis was conducted to develop a practical tool that synthesizes the relationship between 
WSI, θv and ΨPD. As during the night, especially at pre-dawn in small plants, stomata are 
closed and soil and plant water potential are near equilibrium (Kramer and Boyer 1995). 
Measurements of ΨPD can then be used as a surrogate of soil matric potential. Using inde-
pendent data of θv and ΨPD, a relationship between θv and ΨPD was fitted. This relation-
ship resembled a soil water release curve (Sellin 1999).

Correlation analysis and non-linear model regression were used to test the relationships 
between: WSI and Douglas-fir stand growth for the whole season, WSI and ΨPD evalu-
ated at different dates between May and October of each growing season, and ΨPD and θv 
(PROC GLM, PROC REG and PROC NLIN). Model assumptions of normality, linearity 
and constant variance were examined on the residuals of each variable (PROC UNIVARI-
ATE). When non-linear model fitting was carried out, several models were tested and the 
BIC criteria was using for final model selection.

Results

Figures  1 and 2 (previously reported in Dinger and Rose 2009, 2010) were included to 
reinforce the linkage between plant community growth, seasonal precipitation, soil mois-
ture and plant water stress dynamics as influenced by the vegetation management regimes 
included in this study. Vegetation management treatments had a large impact on competing 
plant cover (P < 0.05), creating a gradient that decreased as treatment intensity increased 
(Fig.  1). The control treatment (T1) represents unrestrained plant community growth 
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Fig. 1  Mean vegetation cover by treatment and growth form on July 2006 (a) and August 2007 (b). Each 
bar is the mean of 4 plots. Treatment legend is described in Table 1



 New Forests

1 3

Month
4 5 6 7 8 9 10

Pr
ec

ip
ita

tio
n 

(m
m

/m
on

th
)

0

20

40

60

80

100

120

140

Monthly precipitation
Cumulative precipitation

Month
4 5 6 7 8 9 10

C
um

m
ul

at
iv

e 
Pr

ec
ip

ita
tio

n 
(m

m
)

0

100

200

300

400

Day
150 200 250 300

V
ol

um
et

ric
 W

at
er

 C
on

te
nt

 (c
m

3 cm
-3

)

0.15

0.20

0.25

0.30

0.35

0.40

Day
150 200 250 300

V
ol

um
et

ric
 W

at
er

 C
on

te
nt

 (c
m

3 cm
-3

)

0.15

0.20

0.25

0.30

0.35

0.40

Day
150 200 250 300

Pr
e-

da
w

n 
X

yl
em

 W
at

er
 P

ot
en

tia
l (

M
pa

)

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Day
150 200 250 300

Pr
e-

da
w

n 
X

yl
em

 W
at

er
 P

ot
en

tia
l (

M
pa

)

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

2006

2006

2006 2007

2007

2007e f

c

a b

d

T1
T2
T3
T4
T5
T6

Fig. 2  Monthly (dashed bar) and cumulative (solid line) precipitation between April and October of 2006 
(a) and 2007 (a, b), and treatment effects on volumetric water content (c, d) and pre-dawn xylem water 
potential (e, f) for Douglas-fir seedlings growing under different vegetation control regimes. For panels c to 
f, each point is the mean of 4 plots. Standard errors are calculated by treatment over replication. Treatment 
legend is described in Table 1. (Data from Dinger and Rose 2009)



New Forests 

1 3

increasing to over 90% during both years of forest establishment. In year-1, a fall site prep-
aration initially limited community growth to 40% (T2 and T3) but the spring release treat-
ment was necessary to decrease competitive cover below 20% (T4, T5, and T6). In year-2, 
the spring release had less impact as demonstrated by the plants growing in T2, T3, and T4 
which increased to > 50% by August 2007. Without the directed application of glyphosate 
in 2007, T5 increased to nearly 40%. Only the most intense treatment (T6) was able to limit 
plant community growth below 20% for the second growing season.

The 2006 growing season was dryer than that of 2007 and the total accumulated precipi-
tation from March 1st to October 31st was 203 and 478 mm, respectively. During the driest 
portion of the 2006 summer (June–August), the total precipitation was 46.4  mm, while 
during the summer of 2007, total precipitation was 82.0 mm (Fig. 2a, b). Vegetation man-
agement treatments created a large gradient in soil moisture and xylem water potential dur-
ing the droughty conditions in 2006 (Fig. 2c–f). By comparison, the vegetation manage-
ment treatments in 2007 had a less pronounced impact on soil moisture availability due to 
the additional precipitation received in the summer months. For example, in 2006 (Fig. 2c, 
e), treatments that did not included a spring release (T1, T2 and T3) had lower θv and ΨPD 
than in 2007 (P < 0.001). Treatments showed different θv and ΨPD across both growing 
seasons. During 2007 (Fig. 1d, f), plots that received a directed application of glyphosate 
during the first growing season (T5) and during the summer of the first and second grow-
ing seasons (T6) had higher θv and ΨPD than the treatments that did not received glypho-
sate during the summer (P < 0.001). During 2007, the control treatment (T1) continued 
to have lower θv and ΨPD than any other treatment (P < 0.044), even though rainfall was 
higher than that observed in the prior summer.

The average maximum ΨPD (c in the WSI calculation) was − 0.15 MPa (Fig. 2e, f). In 
2006, the cumulative WSI for the whole season for T1 was − 98 MPa day. Treatments that 
received a fall site preparation and spring release had a 54% reduction in WSI, averag-
ing about − 45 MPa day by the end of the same growing season (Fig. 3a, b). WSI in 2006 
began to separate among the treatments by July 7th (day 188), and reached a difference of 
about − 20 MPa day 15 days later. Similar to θv and ΨPD, this effect was more accentuated 
in 2006 due to lower precipitation. While the study site received increased precipitation in 
2007, T1 retained the lowest cumulative WSI for the whole-season, reaching − 55 MPa day, 
while T5 and T6 reached at the end of the growing season a WSI of − 37 MPa day.

Seedling stress patterns were similar for both growing seasons, however, the magni-
tude of the changes were different due to the increased precipitation in 2007. For example, 
(Fig. 3c) treatments that did not include a spring release during the first growing season 
(T1, T2 and T3) had lower volume growth than plots that received the herbicide applica-
tion (T4, T5 and T6) (P < 0.001). In both growing seasons, treatments that received more 
intensive vegetation management responded with greater volume growth when compared 
to control plots (T1) (Fig.  3c, d). The control treatment (T1) in 2007 continued to have 
lower volume growth (P < 0.046). There were no differences in volume growth between 
plots that received fall site preparation and spring release during second growing season 
(T3) and those plots that received fall site preparation and spring release during first and 
second growing seasons (T4) (P = 0.373).

Table 2 shows the parameter estimates and fitting statistics of the relationships between 
WSI and volume growth, ΨPD and WSI, and θv and ΨPD. There was a strong relationship 
between WSI and volume growth during 2006 (P < 0.01;  R2 = 0.77) and 2007 (P < 0.01; 
 R2 = 0.69). During the droughty 2006 growing season, 1 year-old stands with less than 20% 
plant cover that reached a WSI of approximately − 40 MPa day had a volume growth of 
about 22 dm3 ha−1 year−1. On the other hand, stands with over 90% competitive plant cover 
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reached a WSI of about − 100 MPa day and had a volume growth 4.4 times lower, aver-
aging 5 dm3 ha−1 year−1 (Fig. 4a). The increased precipitation in 2007 enabled seedlings 
with  < 20% competitive plant cover to achieve a WSI of about − 30 MPa day and a volume 
growth of nearly 400 dm3 ha−1 year−1. Seedlings that reached a WSI of about − 60 MPa day 
during the same year had a volume growth 8 times lower, averaging 50 dm3 ha−1 year−1 
(Fig. 4b). 

WSI was correlated with ΨPD evaluated at different dates between May and October 
of each growing season (Fig. 5). The best correlation was found between ΨPD measured 
during the first half of August (ΨPD-8; Aug 3 in 2006, Fig. 5a; Aug13 in 2007; Fig. 5b). 
Even though θv remained constant until the return of rainfall in September, no further gain 
in model fitting was observed when using the measurements of late-August or early-Sep-
tember (analysis not shown). There was not a significant relationship for ΨPD measured 
at any other time before August (i.e. July 2006: P = 0.63; July 2007: P = 0.32). This lack 
of relationship is demonstrated for measurements taken on 7 July 2006 (Fig. 5a) and 6 July 
2007 (Fig. 5b). When data from both years were pooled, a unique relationship was found 
(P < 0.001;  R2 = 0.82; Fig. 5c) and the slopes from the individual years were not different 
from one another (P = 0.25). Parameter estimates and fit statistics are shown in Table  2 
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(Eq. 3). On average, seedlings that had a ΨPD-8 of − 0.5 MPa have a WSI of − 50 MPa day, 
while seedlings that show ΨPD-8 of − 1.5 MPa have a WSI of − 110 MPa day.

Using the data for both growing seasons presented in Fig. 1, a relationship between θv 
and ΨPD was developed (Fig. 6a; P < 0.001;  R2 = 0.65). Parameter estimates and fitting sta-
tistics are shown in Table 2 (Eq. 4). On average, when θv is greater than 0.35 cm3 cm−3, 
ΨPD will have values between − 0.2 and − 0.3 MPa, and when θv is about 0.15 cm3 cm−3, 
ΨPD will be − 1.25 MPa. There was a strong relationship between θv measured during the 
first half of August (θv-8) and WSI (Fig. 6b; P < 0.001;  R2 = 0.83). Parameter estimates and 
fitting statistics are shown in Table 2 (Eq. 5). On average, when θv-8 was approximately 
0.3 cm3 cm−3, the stand had a whole-season WSI of nearly − 44.5 MPa day. For a reduction 
of 0.1 cm3 cm−3 in θv-8, WSI decreased by 1.47 MPa day.

There was a significant relationship between θv-8 and whole-season stand volume 
growth. Parameter estimates and fitting statistics are shown in Table 2 (Eqs. 6 and 7). On 
average, if the stand had a θv of 0.3  cm3  cm−3 in August of the initial growing season, 
the predicted whole-season volume growth will be 19 dm3 ha−1 year−1. By comparison, 
when θv was measured at the same time, the dry 0.15 cm3 cm−3 conditions reduce pre-
dicted volume growth to 5  dm3  ha−1  year−1 for the initial growing season. During the 
second growing season, if a stand had a θv-8 of 0.3, the predicted volume growth would 
be 161  dm3  ha−1  year−1. On average, for each reduction of 0.01  cm3  cm−3 in θv-8, vol-
ume growth will decrease by 5.6 and 7.7%, for the first and second growing seasons, 
respectively.

The relationships between WSI and whole-season volume growth (Table  2; Fig.  4b) 
included different size  seedlings at the beginning of the second year. This seedling size 
difference was a product of the response to the vegetation management treatments already 

Table 2  Parameter estimates and fit statistics of the relationships between WSI and volume growth (VG), 
ΨPD and WSI, θv and ΨPD, and θv-8 and WSI and whole-season volume growth of Douglas-fir seedlings 
during the first two seasons of establishment

VG: stem volume growth  (dm3 ha−1 year−1); WSI: water stress integral at the end of the growing season 
(MPA day); ΨPD: pre-dawn xylem water potential (MPa); ΨPD-8: pre-dawn xylem water potential measured 
in August (MPa); θv: soil volumetric water content  (cm3 cm−3); θv-8: soil volumetric water content meas-
ured in August  (cm3 cm−3); SE: standard error of the parameter estimate;  R2: coefficient of determination; 
RMSE: root mean square error of the model. For all parameter estimates: P < 0.001

Year Equation Model Parameter Parameter estimate SE R2 RMSE

2006 Eq. 1 VG = a ⋅ eb⋅WSI a 64.0523 5.9402 0.77 1.89
b 0.0267 0.00481

2007 Eq. 2 VG = a ⋅ eb⋅WSI a 274.9982 42.3482 0.69 7.73
b 0.0641 0.0080

2006–2007 Eq. 3 WSI = a + b ⋅ΨPD-8 a − 19.7436 4.7711 0.82 216.76
b 60.3392 6.1599

2006–2007 Eq. 4 ΨPD = a ⋅ eb⋅�v a − 5.1784 0.6350 0.57 0.20
b − 8.4159 0.4691

2006–2007 Eq. 5 WSI = a + b ⋅ θv-8 a 341.7453 24.1036 0.83 262.48
b − 147.1724 6.6967

2006 Eq. 6 VG = a ⋅ eb⋅�v-8 a 1.5429 0.8307 0.58 51.05
b 8.3609 1.8637

2007 Eq. 7 VG = a ⋅ eb⋅�v-8 a 1.6679 2.3392 0.42 455.75
b 15.2422 4.3887
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applied. In order to separate the confounding effects of water availability and initial 
seedling size, the average seedling volume  (vi,  dm3) at the end of growing season 1 was 
used as the covariate in a multiple linear model that also included WSI. In order to ensure 
normality and homoscedasticity, all variables were log-transformed (for WSI, the absolute 
value was used).

Both, initial seedling size and WSI had a significant effect on whole-season volume 
growth during the second growing season. For a given WSI, plots with larger seedlings at 
the beginning of the growing season had larger stem volume growth during second grow-
ing season (Table 3). The model explained 85.6% of VG variability and VG was controlled 
mainly by WSI (partial  R2 = 0.698), followed by  vi (partial  R2 = 0.158). Scatter plots of 
residuals showed no evidence of bias for any of the multivariate model.

Discussion

Xylem water potential has been widely used as an index of water stress for forest trees 
(Waring and Cleary 1967; Nambiar and Sands 1993; Eyles et al. 2012). It represents a 
snap shot of plant water stress at the time of measurement (Kramer and Boyer 1995). 
Even though multiple measurements during the growing season can describe the 

Fig. 4  Relationship between 
Douglas-fir seedling water stress 
integral and volume growth for a 
the first (2006) and b the second 
(2007) growing seasons. The 
treatment legend is described in 
Table 1
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seasonal dynamics in xylem water potential, no clear relationships have been developed 
between seedling productivity and single measurements of xylem water potential. Watt 
et al. (2003) reported a strong relationship between two monthly average needle water 
potential and biomass growth for Pinus radiata seedlings. Jacobs et al. (2004) reported 
a strong relationship between early summer root-volume growth and xylem water poten-
tial of Douglas-fir seedlings during the first growing season. The short-term responses 
of growth to xylem water potential reported on those studies does not warrant extrapola-
tions to whole-season productivity. This is the first study to utilize the water stress inte-
gral approach to quantify the link between whole-season cumulative water availability 
and stand productivity in a newly established plantation. These results are unique among 
the literature but supported by research in other species. For example, De la Rosa et al. 
(2016) showed a linear relationship between diameter growth and WSI on Prunus per-
sica trees. Myers (1988) reported a strong relationship between basal area growth and 
WSI in Pinus radiata. Myers and Landsberg (1989) reported a correlation between leaf 
expansion and WSI for seedlings of two Eucalyptus species.

The magnitude of the effect of competing vegetation control on seasonal WSI was 
proportional to the productivity of the stand. Reducing competing vegetation cover 
below 20% had a 5- and 4-fold increase in early stem volume growth when com-
pared to unhindered vegetation community growth. Douglas-fir seedlings growing on 
plots that maintained competitive plant cover below 20% retained adequate θv and had 
higher xylem water potential when compared to plots that did not limit growth below 
this level (Dinger and Rose (2009). A similar result was found by Nambiar (1980) for 
Pinus radiata seedlings, where increased competing vegetation cover caused a decrease 
in water potential and growth, concluding that specific composition of weeds and per-
cent cover could be used to assess the intensity of drought likely to be experienced by 
newly planted radiata pine seedlings.

In this  study, when WSI was > − 40  MPa  day, there was little effect on volume 
growth. For a three-month period in the summer with little precipitation, that value cor-
responds to having average ΨPD of about − 0.44 MPa (or θv ~ 0.3 cm3 cm−3) across the 
growing season. This represents high soil water availability only reached in conditions 
with little competing vegetation despite lower amounts of rainfall during the summer 
months (Newton and Preest 1988). The second growing season had higher precipita-
tion that reduced seedling water stress when compared to the prior year. The magni-
tude of the volume growth response to the vegetation control regimes (in absolute and 
relative terms) was larger than in the first growing season. This result is attributed to 

Table 3  Parameter estimates and fit statistics of the models to estimate whole-season volume growth during 
second season of Douglas-fir seedlings growing under varying soil water availability

VG: stem volume growth during second growing season  (dm3  ha−1  year−1); WSI: water stress integral 
(MPa day);  vi: mean volume at end of growing season 1  (dm3); SE: standard error,  R2: coefficient of deter-
mination, RMSE: root mean square error, CV%: coefficient of variation as percent (100 RMSE/mean). For 
all parameter estimates: P < 0.001. WSI is expressed as absolute value

Model Parameter Parameter estimate SE R2 Partial-R2 RMSE CV%

VG = exp(a+b∗ln(WSI)+c∗ln(v
i
)) a 11.32194 1.63619 0.856 0.254 5.06

b − 2.11389 0.37475 0.698
c 0.82832 0.17619 0.158
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the gradation of soil water created in the initial season of establishment as well as the 
inverse relationship between seedling root system development and stresses received 
(Dinger and Rose 2010).

ΨPD is the physiological trait that was used to determine WSI as well as the correlation 
between water stress and volume growth. However, measurements of ΨPD can be difficult 
to carry out. The relationships shown in Figs. 5 and 6 demonstrate the strong correlation 
between soil moisture, plant water stress and stand productivity confirming that θv can be 
utilized in lieu of or in concert with ΨPD. These results support the conclusions of Newton 
and Preest (1988) who proposed that the relationship between θv and ΨPD is non-linear. 
Small reductions in θv below 0.25 cm3 cm−3 caused large declines on ΨPD, which trans-
lated into large decreases in Douglas-fir seedling growth when integrated over the growing 
season. Assessments of θv can be more efficient to take in field settings and, as reported 
here, an evaluation can be conducted at a single point in the growing season to understand 
the efficacy of vegetation management regimes.

The strong relationship between WSI and ΨPD measured in early-August corresponds 
with the time when θv and ΨPD initially reached the minimum values for each growing 
season. This earlier detection of growing season productivity could be used to plan future 
treatments or target high priority areas. Preserving soil moisture until early-August was 
critical for maximizing stand productivity during first two growing seasons. If forest man-
agers can use tailored vegetation management prescriptions to preserve adequate soil water 
until early-August, a newly planted stand has an increased potential for a successful growth 
year, even in the presence of significant drought.

WSI also has the potential to be used for predicting seedling mortality. Hanson et al. 
(2001) found that, for hardwoods growing under contrasting water availability treatments, 
mortality was larger in years with higher (more negative) WSI, where water-limited plots 
reached values < − 110 MPa day. Working with radiata pine seedlings in Chile, Gonzalez-
Benecke (unpublished) observed that on dry sites, mortality started when WSI reached 
values < − 120 MPa day, following an exponential increase as WSI increased (more nega-
tive). Control plots  in this study reached WSI of about − 100 to − 110  MPa  day at the 
end of the first growing season. Even though water stress significantly reduced Douglas-
fir seedling growth, the levels of water stress observed were not high enough to induce 
mortality,  as demonstrated by seedlings growing in the control plots during the evalua-
tion period. Species-specific relationships between WSI and seedling mortality need to be 
determined, as xylem vulnerability to cavitation depends on xylem structure traits unique 
to a species (Tyree and Sperry 1989; McCulloh et al. 2014).

During season 2 (2007) volume growth was larger than in season 1 (2006) mainly 
because seedlings were larger at the beginning. Larger initial leaf area and root volume 
allowed seedlings to intercept more radiation and absorb more water and nutrients. When 
the effects of initial seedling size and whole-season water stress  were separated, WSI 
explained most of the volume production during the second growing season.

Conclusions and management implications

Continued analysis of these datasets has developed necessary correlations between 
observed data allowing for further estimations of productivity and plant-soil-water rela-
tions. In this study, an alternative methodology to correlate soil water availability, plant 
water stress and stand growth is presented. The results from this study reinforce the 
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importance of competing vegetation management on soil water availability, plant water 
stress and stand growth for young seedlings. We demonstrated that determining whole-
season water stress through the WSI approach is a useful tool for assessing the effects of 
soil water availability on seedling growth. The methodology reported in this study can be 
applied to other species and to larger trees growing under water-limited conditions. Fur-
thermore, the equations reported here are a helpful tool for managers and researchers work-
ing on Douglas-fir reforestation. Using these results, determination of WSI or a single eval-
uation of soil volumetric water content during early-August in the PNW can be used as a 
predictor of stand productivity during a growing season.
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