
Alfalfa (Medicago sativa L.) is a high-quality for-
age legume, often called the king of forages, that has 
been cultivated on more than 5.467 × 105 ha in China 
since 2020 (Wang and Xu 2021). The cultivated area 
of alfalfa has been expanding with the development 
of animal husbandry and the demand for returning 
farmland to grassland (Li 2002, Wang and Xu 2021). 
However, the yield and quality of alfalfa in China 
fall short of meeting the escalating demands of the 
livestock industry (Zhang et al. 2009, Wang and Xu 
2021). The self-sufficiency rate of high-quality al-
falfa in China was 64% during 2012–2020 (Jin et al. 
2021), while imports of alfalfa hay grew from 0.44 × 
106 to 1.36 × 106 tons (Wang and Zhong 2021). 
Consequently, evaluating how to expand the yield 
and quality of alfalfa in China is important for the 
flourishing animal husbandry industry.

The yield and quality of alfalfa are closely related 
to soil fertility. Reasonable fertilisation manage-
ment and timely supplements of nutrients deficient 
in the soil (Bahulikar et al. 2020, Wang et al. 2021) 
increase the yield and quality of alfalfa (Wei et al. 
2018). Fertilisation is a direct approach to improve 
the yield and quality of alfalfa (Fang et al. 2021, Wan 
et al. 2022). Many studies have explored the effects 
of fertiliser applications on the yield and quality of 
alfalfa (Fang et al. 2021, Wan et al. 2022). However, 
the results have varied substantially or were con-
tradictory due to differences in cuttings, cultivars, 
water supply, soil, and environmental factors.

Applying fertiliser significantly increases alfalfa 
quality (Wan et al. 2022), and alfalfa crude protein 
(CP), acid detergent fibre (ADF), and neutral de-
tergent fibre (NDF) reflect its nutritional quality 
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(Robinson 1999, Marković et al. 2009, Acharya et 
al. 2020). Applying nitrogen (N) fertiliser increases 
alfalfa CP content (Zhang et al. 2020). Applying 
phosphorus (P) fertiliser increases CP content and 
reduces alfalfa’s ADF and NDF contents (Lissbrant et 
al. 2009, Macolino et al. 2013, Yu et al. 2018). Applying 
potassium (K) fertiliser due to a large amount of stem 
growth leads to an increase in ADF and NDF content 
and further reduces the quality of alfalfa (Lissbrant et 
al. 2009, Jungers et al. 2019). Another study showed 
that K fertiliser has no significant effect on ADF or 
NDF of alfalfa (Macolino et al. 2013). Different fer-
tilisers present different results, so further research 
is needed to explore the optimal approach.

Many studies have reported how environmental 
factors affect the yield and quality of alfalfa, such as 
soil, light, precipitation, and temperature, and how 
these factors potentially influence the growth and 
development of alfalfa, resulting in differences in 
yield and quality (Pembleton et al. 2011, Baslam et 
al. 2014, Gardarin et al. 2014, Lee et al. 2017). For 
example, some studies have shown that as temperature 
increases, dry matter production increases (Sanz-Sáez 
et al. 2012, Liang et al. 2013, Dellar et al. 2018), while 
other studies have reported a negative relationship 
between yield and temperature (Smith 1970, Jacob et 
al. 2020). Additionally, the yield and quality of alfalfa 
respond to environmental factors differently under 
different conditions (Santos et al. 2020, Tlahig et al. 
2021). Most previous studies were based on site-specific 
experiments in which only certain conditions were 
considered. Research on specific locations has limited 
the significance of revealing the general effect of en-
vironmental factors on alfalfa production and quality.

These conflicting findings on the effects of fertiliser 
application and environmental factors on alfalfa yield 
and quality have confused alfalfa farmers. Thus, to sup-
port the expansion of animal husbandry and improve 
the production capacity of alfalfa, further research must 
be conducted on how different fertiliser applications 
and environmental factors affect the yield and quality 
of alfalfa on a large spatial scale. Our study aims to 
(1) conduct a pairwise meta-analysis to determine 
the effect of fertiliser application on alfalfa yield and 
quality and (2) examine the effects of environmental 
factors on the alfalfa yield and quality in China.

MATERIAL AND METHODS

Data collection. We searched the Web of Science 
and the China National Knowledge Infrastructure 

(CNKI) (between January 1, 2000, and September 5, 
2023) using the following keywords: "alfalfa", "Medicago 
sative", "fertilize", "fertilization", "fertilizer", "yield", 
"quality", and "China". We screened the articles to 
determine whether the studies met our inclusion 
criteria: (1) alfalfa was the only plant cultivated in the 
field; (2) included yield or quality data from control 
and fertilised treatments; and (3) located in main-
land China. In each study, the mean and standard 
deviation (SD) or standard error (SE) of the yield and 
quality, as well as the sample size (n), were obtained 
from the control and fertilisation treatments. If only 
the SE were provided, the SD was calculated as the 
SE outcome multiplied by the sample size’s square 
root. Missing SDs were calculated using 0.1 times 
the mean of the dataset (Luo et al. 2006). Data were 
extracted from graphs using "WebPlotDigitizer 4.6" 
(Burda et al. 2017). We also extracted the correspond-
ing climate (mean annual temperature (MAT) and 
mean annual precipitation (MAP)) and altitude data 
from the WordClim website (http://worldclim.org/
version2) if not provided by the study.

The final dataset consisted of 105 studies from 79 
Chinese sites (Figure 1): 3 040 pairs of observations 
on alfalfa yield, 1 743 pairs of observations on alfalfa 
CP, 1 206 pairs of observations on alfalfa ADF, and 
1 212 pairs of observations on alfalfa NDF. The dataset 
included 82 peer-reviewed publications, 19 Master’s 
theses, and four doctoral dissertations. Fertiliser types: 
N, nitrogen; P, phosphorus; K, potassium; M, organic 
fertiliser; NP, combined application of nitrogen and 
phosphorus; NK, application of nitrogen and phos-
phorus; PK, application of phosphorus and potassium; 
NPK, application of nitrogen, phosphorus, and po-
tassium; F + M, application of organic and inorganic 
fertilisers. The environmental factors included MAT, 
MAP, altitude, and latitude.

Data analysis. We calculated the log-response 
ratios (lnRR) for each study as the effect size for our 
meta-analysis (Hedges et al. 1999). We calculated 
lnRR for each study using:

 (1)

Where: Yt and Yc – mean values of the treatment and con-
trol groups, respectively. The variance (υ) of each effect size 
was calculated as follows:

(2)

Where: Nt – sample size of the treatment; Nc – sample size 
of the control group; St – standard deviation of the treat-
ment; Sc – standard deviation of the control group.

lnRR = ln
Y𝑡𝑡𝑡𝑡
Y𝑐𝑐𝑐𝑐
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The percent change was computed as follows:

(3)

A random-effects model was used to assess the 
overall responses. Then, we used mixed-effects meta-
regressions and included MAT, MAP, altitude, and 
latitude as moderators for each response variable. 
For the meta-regressions, total heterogeneity was 
partitioned into the variance influenced by the mode- 
rators (Qm, Q-statistic, which renders information 
on whether the moderator illuminates any significant 
heterogeneity in the data) and the residual error 
variance (Qe). The Qm-statistic is a Wald-type test 
of model coefficients, and a significant Qm-statistic 
predicates that the moderators contributed to the 
heterogeneity in the effect size (Viechtbauer 2010).

Egger’s regression was used to test for potential 
publication bias in each variable (Egger et al. 1997). 
Alfalfa yield had no publication bias. CP, ANF, and 
NDF had light bias risk in this study, but the data 
were almost symmetrically distributed around the 
mean effect size, and the data were highly accurate, 
presenting a random sampling error (Figure 2) (Liu 
2011).

R version 4.2.2 (R Core Team, 2022) was applied 
for all statistical analyses, and the effect size and 

publication bias was estimated using the R package 
"metafor". A P-value < 0.05 was considered significant.

RESULTS

The effect of fertilisation on alfalfa yield and 
quality. Overall, fertilisation significantly increased 
the yield of alfalfa (Figure 3, Table 1). The increase in 
yield was the highest after applying organic fertiliser, 
reaching 80.40%, followed by the F + M and NP treat-
ments, which were 49.18% and 37.71%, respectively 
(Table 1). Alfalfa CP also increased significantly due to 
fertilisation. The NP, F + M, and N treatments increased 
CP by 18.53, 17.35, and 16.18% (Table 1). In contrast, 
fertilisation significantly decreased alfalfa ADF and 
NDF. Alfalfa ADF decreased by 18.13% under the 
F + M treatment and 12.19% under the NP treatment 
(Table 1). Alfalfa NDF decreased 18.13% under the F + M 
treatment, compared to single N, P, and K fertiliser 
applications, which decreased less than combined 
NP, NK, PK, and NPK fertiliser applications (Table 1).

Alfalfa yield in response to environmental fac-
tors. Fertilisation significantly positively affected total 
alfalfa yield; however, it was highly variable among 
experiments (Qt = 135 474.67, P < 0.0001). Altitude 
explained 4.72% of the variation in the alfalfa yield 

 

 

Figure 1.  A map of the 
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Figure 3. The effect of fertilisation on the yield and quality of alfalfa. (A) Yield effect size; (B) crude protein (CP) 
effect size; (C) acid detergent fibre (ADF) effect size, and (D) neutral detergent fibre (NDF) effect size. n – number 
of observations; the dotted line represents zero; M – organic fertiliser; F – inorganic fertiliser

Figure 2. Funnel plot of standard error of (A) yield; (B) crude protein; (C) acid detergent fibre, and (D) neutral deter-
gent fibre against response variable Ln(R). The vertical line represents the mean log response ratio Ln(R) estimated
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effect size (Figure 4A). Latitude predicted 4.36% of 
the variance in the alfalfa yield effect size (Figure 4B). 
The MAT and MAP effects were relatively weak at 
0.85% and 0.18%, respectively (Figure 4C–D).

Alfalfa CP in response to environmental factors. 
As expected for a biological meta-analysis, significant 
residual heterogeneity was detected in the random-
effects meta-analysis for the alfalfa CP dataset (Qt = 

Table 1. The rate of change in alfalfa yield and quality

Fertiliser types Yield change (%) CP change (%) ADF change (%) NDF change (%)
Overall 24.61 11.63 –7.69 –6.76
N 16.18 16.18 –6.76 –4.88
P 18.53 7.25 –4.88 –3.92
K 16.18 4.08 –3.92 –2.96
M 80.40 13.88 –8.61 –11.31
NP 37.71 18.53 –12.19 –9.52
NK 18.53 10.52 –5.82 –6.76
PK 18.53 7.25 –5.82 –5.82
NPK 27.12 10.52 –8.61 –7.69
F + M 49.18 17.35 –18.13 –18.13

CP – crude protein; ADF – acid detergent fibre; NDF – neutral detergent fibre; M – organic fertiliser; F – inorganic fertiliser

Figure 4. Alfalfa yield in response to environmental factors. (A) Alfalfa yield in response to altitude; (B) alfalfa 
yield in response to latitude; (C) alfalfa yield in response to mean annual temperature, and (D) alfalfa yield in 
response to mean annual precipitation. Qm – Q-statistic, which renders information on whether the moderator 
illuminates any significant heterogeneity in the data
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234 985.63, P < 0.0001), which we tried to explain with 
different moderators. Altitude explained 12.58% of 
the variation in the alfalfa CP effect size (Figure 5A). 
Latitude predicted 11.21% of the variance in the alfalfa 
CP effect size (Figure 5B). MAT had no significant 
effect on total alfalfa CP, and the MAP effect was 
relatively weak at 1.13% (Figure 5C–D).

Alfalfa acid detergent fibre in response to envi-
ronmental factors. Fertilisation was highly effective 
against alfalfa ADF, and the effectiveness of the defence 
varied substantially across studies (Qt = 44 891.55, 
P < 0001). Altitude had no significant effect on total 
alfalfa ADF (Figure 6A), and the effect of latitude was 
relatively weak at 1.79% (Figure 6B). MAT and MAP 
predicted 6.69% and 4.33% of the variance in the alfalfa 
ADF effect size (Figure 6C–D).

Alfalfa neutral detergent fibre in response to 
environmental factors. Fertilisation significantly 
negatively affected total alfalfa NDF; however, it was 

highly heterogeneous among experiments (Qt = 149 
195.10, P < 0.0001). Altitude had no significant ef-
fect on total alfalfa NDF (Figure 7A), and the MAP 
effect was relatively weak at 2.33% (Figure 7D). MAT 
and latitude predicted 6.69% and 4.33% of the alfalfa 
NDF effect size variance, respectively (Figure 7B–C).

DISCUSSION

This study explored the effect of fertilisation on 
the yield and quality of alfalfa in China. All fertiliser 
applications led to a significant increase in alfalfa 
yield (Figure 3A). Our research also showed that 
M applications achieved the largest production in-
creases. Organic fertilisers have complete nutrients, 
are long-lasting, rich in organic colloids, and easily 
form a positive soil structure and improve soil fertil-
ity (Xie et al. 2015). Applying the NPK combination 
led to a greater increase in yield compared with the 

Figure 5. Alfalfa crude protein (CP) effect size in response to environmental factors. (A) Alfalfa crude protein 
effect size in response to altitude; (B) alfalfa crude protein effect size in response to latitude; (C) alfalfa crude 
protein effect size in response to mean annual temperature, and (D) alfalfa crude protein effect size in response 
to mean annual precipitation. Qm – Q-statistic, which renders information on whether the moderator illuminates 
any significant heterogeneity in the data
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individual N, P, and K applications, which agreed 
with Cai et al. (2021) and Wan et al. (2022). The 
combined application of NPK fertiliser promotes 
cold resistance, root activity, and photosynthesis in 
alfalfa (Qamar et al. 2005, Tautges et al. 2018, Jungers 
et al. 2019), thereby further significantly increasing 
alfalfa production (Xiao et al. 2016, Zhang et al. 2020). 
A combined application of nitrogen and phosphorus 
also has a significant effect. NP affects the growth 
of alfalfa leaves and roots, changes photosynthesis 
and water use efficiency (Li et al. 2012, Wang et al. 
2013), and promotes nitrogen fixation levels (Qi et 
al. 2013), thereby further increasing plant growth and 
yield. Applying organic fertiliser provides abundant 
nutrients for alfalfa and improves soil physicochemical 
properties and biological activities (Hu et al. 2007). 
Therefore, the combination of organic and chemical 
fertilisers promoted interactions between different 

nutrient elements and enhanced the increase in 
alfalfa yield.

As alfalfa is a perennial nitrogen-fixing legume 
plant, nitrogen is the main nutrient element during 
growth and synthesises amino acids and proteins (Liu 
et al. 2017). Our results show little difference in the 
higher yield between applying nitrogen and applying 
the combination of NK and PK. Although alfalfa is 
an N-fixing crop, the main alfalfa-producing area in 
China is in the northern region, where soil nutrient 
content is low, and soil water holding capacity is 
poor (He et al. 2014). Applying nitrogen fertiliser 
achieves higher average yields, improving alfalfa 
hay quality while increasing hay yield by 12.4–22.5% 
annually (Mao et al. 2018). The yield of alfalfa tends 
to increase first and then decrease with the increase 
in nitrogen fertiliser (Li et al. 2022), mainly because 
adding nitrogen at high nitrogen levels inhibits the 

Figure 6. Alfalfa acid detergent fibre (ADF) effect size in response to environmental factors. (A) Alfalfa acid 
detergent fibre effect size in response to altitude; (B) alfalfa acid detergent fibre effect size in response to lati-
tude; (C) alfalfa acid detergent fibre effect size in response to mean annual temperature, and (D) alfalfa acid 
detergent fibre effect size in response to mean annual precipitation. Qm – Q-statistic, which renders information 
on whether the moderator illuminates any significant heterogeneity in the data
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synthesis of nitrogenase and the growth of root 
nodules, which reduces the ability of nitrogenase 
to fix nitrogen (Bansal et al. 2014), and decreases 
alfalfa yield under a high nitrogen level. Therefore, 
a reasonable application of nitrogen fertiliser helps 
improve the alfalfa yield.

Applying fertiliser significantly ameliorated the CP 
content of alfalfa (Figure 3B). Compared with P or 
K applications, N applications reported greater CP, 
as N directly stimulates key N metabolic enzymes 
and further promotes protein synthesis (Shah et al. 
2017). Phosphorus increases N fixation efficiency 
and assists with N accumulation and CP synthesis in 
alfalfa (Macolino et al. 2013). Thereby, a combined 
application of NP fertiliser promotes alfalfa CP. K 
fertiliser activates various enzymes and promotes 
the absorption, assimilation, and utilisation of P by 
alfalfa (Wang et al. 2020). N and P fertiliser applica-

tions promote plant metabolism but decrease cell 
wall and lignin concentrations (Parsons et al. 2009). 
Applying N and P fertilisers in this study significantly 
decreased alfalfa ADF and NDF concentrations. 
K improved the cell wall concentrations and increased 
stem fibre digestibility and cell wall composition 
and concentration (Lamb et al. 2012); therefore, 
the effect of K was not as significant. Organic ferti-
liser provided abundant nutrients for the growth of 
alfalfa and significantly decreased alfalfa ADF and 
NDF concentrations due to the large amounts of 
N and P. However, a study in North America indicated 
that fertilisation with P, and especially K, increased 
forage yield and resulted in slight decreases in for-
age nutritive value (Lissbrant et al. 2009). Another 
European study also showed that intensive mineral 
fertilisation applied over successive years in a crop 
rotation reduced the forage nutritive value of lucerne 

Figure 7. Alfalfa neutral detergent fibre (NDF) in response to environmental factors. (A) Alfalfa neutral deter-
gent fibre in response to altitude; (B) alfalfa neutral detergent fibre in response to latitude; (C) alfalfa neutral 
detergent fibre in response to mean annual temperature; and (D) alfalfa neutral detergent fibre in response to 
mean annual precipitation. Qm – Q-statistic, which renders information on whether the moderator illuminates 
any significant heterogeneity in the data
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under increased forage productivity (Hakl et al. 
2021). The above two studies indicated that higher 
NDF and lower digestibility with increasing nutri-
ent supply and lower NDF under higher fertilisation 
cannot be automatically expected (Lissbrant et al. 
2009, Hakl et al. 2021). This is slightly inconsistent 
with the results of this study, possibly due to the 
fact that alfalfa is mainly grown in areas with lower 
soil nutrients in northern China. Thus, fertilisation 
increased the yield and quality of alfalfa.

Climate has a tremendous effect on large-scale 
forage production patterns (Liu et al. 2021, Wang 
and Zhong 2021). China is located in the northern 
hemisphere, and as latitude decreases (i.e., from north 
to south), temperature and precipitation gradually 
increase (Xiang et al. 2023). As altitude increases, 
temperature and precipitation decrease (Zhou et 
al. 2023). Our findings demonstrate that yield and 
CP effect size increased in alfalfa along the altitude 
gradient. Low-altitude areas may be more restricted 
by N and P, while high-altitude areas may be more 
restricted by P and K (Wang et al. 2023). Low-fertility 
soils supplemented with fertiliser exhibit accelerated 
alfalfa growth and significantly improved yield. N, P, 
and K help improve CP content (Macolino et al. 2013, 
Shah et al. 2017, Wang et al. 2020). The ADF content 
and NDF effect size value were not significantly related 
to altitude, indicating that altitude does not affect 
fibre content. Plant growth at low latitudes was more 
affected by soil P than at mid-high latitudes, whereas 
plant growth at mid-high latitudes was more affected 
by soil N than at low latitudes (Tian et al. 2018, Yan et 
al. 2018). Our study site was located in a mid-latitude 
region, although yield, CP, ADF, and the NDF effect 
size had significantly negative effects with latitude, 
fertiliser applications appropriate for local condi-
tions, such as excessive N fertiliser, may increase 
non-protein N content and further reduce alfalfa CP 
content, as well as reduce N fixation capacity and 
yield of alfalfa (Bahulikar et al. 2020). MAT and MAP 
in this research do not reduce too much heterogene-
ity in alfalfa yield and CP effect size, perhaps due to 
agricultural management practices, including water 
supply (Santos et al. 2020), cutting (Hakl et al. 2017), 
the harvest period (Palmonari et al. 2014), and the 
growth year (Fan et al. 2016) have generally affected 
the yield and CP. MAT and MAP account for some of 
the heterogeneity in ADF and NDF. High precipitation 
alleviates the water restriction for alfalfa and decreases 
the fibre concentration (Liu et al. 2018), which was 
contrary to our results. High alfalfa yields in China 

are predominantly found in the northern regions, 
including Northeast China, Xinjiang Province, and 
the Loess and Inner Mongolian Plateaus, but seldom 
in southern regions. Conclusively, our results indicate 
that although environmental factors significantly affect 
the large-scale patterns of alfalfa quality, they cannot 
be used solely to predict the development of alfalfa in 
China, and their synergistic interactions with other 
factors should be considered.

Acknowledgement. The authors are grateful to 
several researchers whose published articles were 
used for this meta-analysis. The authors are grateful 
to the associate editor and the reviewers for their 
useful feedback that improved this paper.

REFERENCES

Acharya J.P., Lopez Y., Gouveia B.T., de Bem Oliveira I., Resende 
Jr M.F., Muñoz P.R., Rios E.F. (2020): Breeding alfalfa (Medicago 
sativa L.) adapted to subtropical agroecosystems. Agronomy, 10: 
742.

Bahulikar R.A., Chaluvadi S.R., Torres J.I., Mosali J., Bennetzen J.L., 
Udvardi M. (2020): Nitrogen fertilization reduces nitrogen fixa-
tion activity of diverse diazotrophs in switchgrass roots. Phyto-
biomes Journal, 5: 80–87.

Bansal O.P., Singh G., Katiyar P. (2014): Effect of untreated sewage 
effluent irrigation on heavy metal content, microbial population 
and enzymatic activities of soils in Aligarh. Journal of Environ-
mental Biology, 35: 641.

Baslam M., Antolín M.C., Gogorcena Y., Muñoz F., Goicoechea N. 
(2014): Changes in alfalfa forage quality and stem carbohydrates 
induced by arbuscular mycorrhizal fungi and elevated atmos-
pheric CO2. Annals of Applied Biology, 164: 190–199.

Burda B.U., O’Connor E.A., Webber E.M., Redmond N., Perdue 
L.A. (2017): Estimating data from figures with a Web-based pro-
gram: considerations for a systematic review. Research Synthesis 
Methods, 8: 258–262.

Cai L., Wang L.L., Luo Z.Z., Li L.L., Niu Y.N., Cai L.Q., Xie J.H. 
(2021): Meta-analysis of yield effects of fertilization on alfalfa in 
China. Arid Land Geography, 44: 838–848.

Dellar M., Topp C., Banos G., Wall E. (2018): A meta-analysis on 
the effects of climate change on the yield and quality of Euro-
pean pastures. Agriculture, Ecosystems and Environment, 265: 
413–420.

Egger M., Smith G.D., Schneider M., Minder C. (1997): Bias in 
meta-analysis detected by a simple, graphical test. Bmj-British 
Medical Journal, 315: 629–634.

Fan J., Du Y., Wang B., Turner N.C., Wang T., Abbott L.K., Stefano-
va K., Siddique K.H., Li F. (2016): Forage yield, soil water deple-
tion, shoot nitrogen and phosphorus uptake and concentration, 

284

Original Paper	 Plant, Soil and Environment, 70, 2024 (5): 276–286

https://doi.org/10.17221/457/2023-PSE



of young and old stands of alfalfa in response to nitrogen and 
phosphorus fertilisation in a semiarid environment. Field Crops 
Research, 198: 247–257.

Fang Y., Huang Z., Cui Z., He H.H., Liu Y. (2021): Trade-offs be-
tween forage crop productivity and soil nutrients for different 
ages of alfalfa grassland. Land Degradation and Development, 
32: 374–386.

Gardarin A., Garnier É., Carrère P., Cruz P., Andueza D., Bonis A., 
Colace M.P., Dumont B., Duru M., Farruggia A. (2014): Plant 
trait-digestibility relationships across management and climate 
gradients in permanent grasslands. Journal of Applied Ecology, 
51: 1207–1217.

Hakl J., Pisarčik M., Hrevušová Z., Šantrůček J. (2017): In-field 
lucerne root morphology traits over time in relation to forage 
yield, plant density, and root disease under two cutting manage-
ments. Field Crops Research, 213: 109–117.

Hakl J., Kunzová E., Tocauerová S., Menšík L., Mrázková M., 
Pozdíšek J. (2021): Impact of long-term manure and mineral fer-
tilization on yield and nutritive value of lucerne (Medicago sati-
va) in relation to changes in canopy structure. European Journal 
of Agronomy, 123: 126219.

He F., Han D.M., Wan L.Q., Li X.L. (2014): The nutrient situations 
in the major alfalfa producing areas of China. Journal of Plant 
Nutrition and Fertilizers, 20: 503–509.

Hedges L.V., Gurevitch J., Curtis P.S. (1999): The meta-analysis of 
response ratios in experimental ecology. Ecology, 80: 1150–1156.

Hu C., Cao Z.P., Luo Y.R., Ma Y.L. (2007): Effect of long-term ap-
plication of microorganismic compost or vermicompost on soil 
fertility and microbial biomass carbon. Chinese Journal of Eco-
Agriculture, 15: 48–51.

Jacob V., Zhang H., Churchill A.C., Yang J., Choat B., Medlyn B.E., 
Power S.A., Tissue D.T. (2020): Warming reduces net carbon 
gain and productivity in Medicago sativa L. and Festuca arundi-
nacea. Agronomy, 10: 1601.

Jin J.B., Wang T., Cheng Y., Wang L., Zhang J.Y., Jing H.C., Chong 
K. (2021): Current situation and prospect of forage breeding in 
China. Bulletin of Chinese Academy of Sciences, 36: 660–665.

Jungers J.M., Kaiser D.E., Lamb J.F., Lamb J.A., Noland R.L., Samac 
D.A., Wells M.S., Sheaffer C.C. (2019): Potassium fertilization af-
fects alfalfa forage yield, nutritive value, root traits, and persis-
tence. Agronomy Journal, 111: 2843–2852.

Lamb J.F., Hans Joachim G.J., Riday H. (2012): Harvest impacts on 
alfalfa stem neutral detergent fiber concentration and digestibil-
ity and cell wall concentration and composition. Crop Science, 
52: 2402–2412.

Lee M.A., Davis A.P., Chagunda M.G., Manning P. (2017): Forage 
quality declines with rising temperatures, with implications for 
livestock production and methane emissions. Biogeosciences, 
14: 1403–1417.

Li Y.S. (2002): Productivity dynamic of alfalfa and its effects on wa-
ter eco-environment. Acta Pedologica Sinica, 39: 404–411.

Li L., Li N., Sheng J., Wang H. (2012): Effects of nitrogen fertiliz-
er and planting density on alfalfa growth and seed yield. Acta 
Agrestia Sinica, 20: 54.

Li S.Y., Sun Y.L., Zhao J.W., Liu X.S., Zhao J.T., Ma C.H., Zhang 
Q.B. (2022): Effects of nitrogen addition on microbial quantity, 
enzyme activity in rhizosphere soil and alfalfa hay yield. Chinese 
Journal of Grassland, 44: 113–120.

Liang J., Xia J., Liu L., Wan S. (2013): Global patterns of the responses 
of leaf-level photosynthesis and respiration in terrestrial plants to 
experimental warming. Journal of Plant Ecology, 6: 437–447.

Lissbrant S., Stratton S., Cunningham S.M., Brouder S.M., Volenec 
J.J. (2009): Impact of long-term phosphorus and potassium fer-
tilization on alfalfa nutritive value-yield relationships. Crop Sci-
ence, 49: 1116–1124.

Liu J.L. (2011): The role of the funnel plot in detecting publication 
and related biases in meta-analysis. Evidence-Based Dentistry, 
12: 121–122.

Liu M., Sun J., Li Y., Xiao Y. (2017): Nitrogen fertilizer enhances 
growth and nutrient uptake of Medicago sativa inoculated with 
Glomus tortuosum grown in Cd-contaminated acidic soil. Che-
mosphere, 167: 204–211.

Liu Y., Wu Q., Ge G., Han G., Jia Y. (2018): Influence of drought 
stress on afalfa yields and nutritional composition. BMC Plant 
Biology, 18: 1–9.

Liu H., Jin Y.F., Roche L.M., O'Geen T., Dahlgren R.A. (2021): Un-
derstanding spatial variability of forage production in California 
grasslands: delineating climate, topography and soil controls. 
Environmental Research Letters, 16: 14043.

Luo Y., Hu D., Zhang D. (2006): Elevated CO2 stimulates net ac-
cumulations of carbon and nitrogen in land ecosystems: a meta-
analysis. Ecology, 87: 53–63.

Macolino S., Lauriault L.M., Rimi F., Ziliotto U. (2013): Phosphorus 
and potassium fertilizer effects on alfalfa and soil in a non-limit-
ed soil. Agronomy Journal, 105: 1613–1618.

Mao X., Li Q., Ren L., Bai W., Zhang W. (2018): Application of mo-
lybdenum fertilizer enhanced quality and production of alfalfa in 
northern China under non-irrigated conditions. Journal of Plant 
Nutrition, 41: 1009–1019.

Marković J., Štrbanović R., Cvetković M., Anđelković B., Živković 
B. (2009): Effects of growth stage on the mineral concentrations 
in alfalfa (Medicago sativa L.) leaf, stem and the whole plant. Bio-
technology in Animal Husbandry, 25: 1225–1231.

Palmonari A., Fustini M., Canestrari G., Grilli E., Formigoni A. 
(2014): Influence of maturity on alfalfa hay nutritional frac-
tions and indigestible fiber content. Journal of Dairy Science, 97: 
7729–7734.

Parsons D., Cherney J.H., Peterson P.R. (2009): Preharvest neutral 
detergent fiber concentration of alfalfa as influenced by stubble 
height. Agronomy Journal, 101: 769–774.

Pembleton K.G., Rawnsley R.P., Donaghy D.J. (2011): Yield and 
water-use efficiency of contrasting lucerne genotypes grown in 

285

Plant, Soil and Environment, 70, 2024 (5): 276–286	 Original Paper

https://doi.org/10.17221/457/2023-PSE



a cool temperate environment. Crop and Pasture Science, 62: 
610–623.

Qamar S.A., Sors T.G., Cunningham S.M., Joern B.C., Volenec J.J. 
(2005): Phosphate nutrition effects on growth, phosphate trans-
porter transcript levels and physiology of alfalfa cells. Plant Cell, 
Tissue and Organ Culture, 82: 131–140.

Qi M., Liu X., Zhang X., Liu Y. (2013): Effects of different phos-
phorus levels on photosynthesis and root nodule nitrogen-fixing 
characteristic of alfalfa. Acta Agrestia Sinica, 21: 512.

R Core Team R (2022): A Language and Environment for Statisti-
cal Computing. Vienna, R Foundation for Statistical Computing. 
Available at: https://www.R-project.org/

Robinson P.H. (1999): Neutral detergent fiber (NDF) and its role 
in alfalfa analyses. In: Proceedings of the 29th California Alfalfa 
Symposium. 8–9 December, Fresno: 2–8.

Santos I.G.D., Teodoro P.E., Cruz C.D., Ferreira R.D.P. (2020): Im-
pact of water deficit in the relationship among alfalfa traits. Bio-
science Journal, 36: 905–913.

Sanz-Sáez Á., Erice G., Aguirreolea J., Muñoz F., Sánchez-Díaz M., 
Irigoyen J.J. (2012): Alfalfa forage digestibility, quality and yield 
under future climate change scenarios vary with Sinorhizobium 
meliloti strain. Journal of Plant Physiology, 169: 782–788.

Shah J.M., Bukhari S.A.H., Zeng J., Quan X., Ali E., Muhammad N., 
Zhang G. (2017): Nitrogen (N) metabolism related enzyme activi-
ties, cell ultrastructure and nutrient contents as affected by N level 
and barley genotype. Journal of Integrative Agriculture, 16: 190–198.

Smith D. (1970): Influence of temperature on the yield and chemi-
cal composition of five forage legume species. Agronomy Jour-
nal, 62: 520–523.

Tautges N.E., Jungers J.M., DeHaan L.R., Wyse D.L., Sheaffer C.C. 
(2018): Maintaining grain yields of the perennial cereal intermedi-
ate wheatgrass in monoculture v. bi-culture with alfalfa in the Upper 
Midwestern USA. The Journal of Agricultural Science, 156: 758–773.

Tian D., Yan Z., Niklas K.J., Han W., Kattge J., Reich P.B., Luo Y., 
Chen H.Y., Tang Z., Hu H. (2018): Global leaf nitrogen and phos-
phorus stoichiometry and their scaling exponent. National Sci-
ence Review, 5: 728–739.

Tlahig S., Karmous I., Gorai M., Jaouadi T., Loumerem M. (2021): 
Effect of cutting time on the performance of alfalfa (Medicago 
sativa L.) genotypes cropped in arid environment. Polish Journal 
of Environmental Studies, 30: 1817–1829.

Viechtbauer W. (2010): Conducting meta-analyses in R with the 
metafor package. Journal of Statistical Software, 36: 1–48.

Wan W., Li Y., Li H. (2022): Yield and quality of alfalfa (Medicago 
sativa L.) in response to fertilizer application in China: a meta-
analysis. Frontiers in Plant Science, 13: 1051725.

Wang R.G., Xu W.P. (2021): Development characteristics and trend 
of alfalfa industry in China. Journal of Agricultural Science and 
Technology, 23: 7–12.

Wang T.W., Zhong J. (2021): Creating modern technological sys-
tem for grass product processing to guarantee macroscopic food 
security. Bulletin of Chinese Academy of Sciences, 36: 675–684.

Wang D., He F., Xie K.Y. (2013): Effects of nitrogen application on 
alfalfa plant growth and soil nitrogen content. Pratacultural Sci-
ence, 30: 1569–1574.

Wang Y.Y., Zhang H.X., Jin C.J., Mu C.S. (2020): Effects of phospho-
rus fertilizer on alfalfa productivity: a review. Chinese Agricul-
tural Science Bulletin, 36: 72–77.

Wang L., Xie J., Luo Z., Niu Y., Coulter J.A., Zhang R., Ling L.L. 
(2021): Forage yield, water use efficiency, and soil fertility re-
sponse to alfalfa growing age in the semiarid Loess Plateau of 
China. Agricultural Water Management, 243: 106415.

Wang P., Hua H.L., Ding Z.Q., Yu X.Y., Tan X.A., Li Y.H. (2023): The effects 
of altitude and land use on organic matter and integrated fertility of soils 
in the northern tropics mountain. Tropical Geography, 43: 144–154.

Wei Z.B., Bai Z.H., Ma L., Zhang F.S. (2018): Yield gap of alfalfa, 
ryegrass and oat grass and their influence factors in China. Sci-
entia Agricultura Sinica, 51: 507–522.

Xiang L., You Y.Z., Feng J. (2023): Response of nutrient resorption 
of herbs, shrubs and trees to temperature and precipitation in 
China. Research of Soil and Water Conservation, 30: 87–92.

Xiao Y.N., Ge G.T., Lv S.J., Yin Q., Mi F.G. (2016): The research of 
"ZhongMu No. 2" alfalfa in high yield and fertilizer. Journal of 
Arid Land Resources and Environment, 30: 183–189.

Xie D.T., Jiang X.J., Wang C.Q. (2015): Soil Fertilizer. 2nd Edition. 
Beijing, China Forestry Press.

Yan Z.B., Li X.P., Tian D., Han W.X., Hou X.H., Shen H.H., Guo Y.L., 
Fang J.Y. (2018): Nutrient addition affects scaling relationship of 
leaf nitrogen to phosphorus in Arabidopsis thaliana. Functional 
Ecology, 32: 2689–2698.

Yu T., Liu X., Hao F. (2018): Effect of phosphate fertilizer applica-
tion on alfalfa yield, nutritive value and N and P use efficiency. 
Acta Prataculturae Sinica, 27: 154–163.

Zhang T., Wang Y., Wang X., Wang Q., Han J. (2009): Organic car-
bon and nitrogen stocks in reed meadow soils converted to al-
falfa fields. Soil and Tillage Research, 105: 143–148.

Zhang Q., Liu J., Liu X., Sun Y., Li S., Lu W., Ma C. (2020): Opti-
mizing the nutritional quality and phosphorus use efficiency of 
alfalfa under drip irrigation with nitrogen and phosphorus ferti-
lization. Agronomy Journal, 112: 3129–3139.

Zhou F., Matthew C., Yang P., Huang Y., Nie B., Nan Z. (2023): Leaf 
morphology, functional trait and altitude response in perennial 
vetch (Vicia unijuga A. Braun), alfalfa (Medicago sativa L.) and 
sainfoin (Onobrychis viciifolia Scop.). Planta, 257: 75.

Received: November 18, 2023
Accepted: March 6, 2024

Published online: April 4, 2024

286

Original Paper	 Plant, Soil and Environment, 70, 2024 (5): 276–286

https://doi.org/10.17221/457/2023-PSE


